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’  Fracture  in  polymers  of  fibrous  morphology  is  accompanied  by  covalent  bond 
scission.  Gel  permeation  chromatography  (GPC)  was  used  to  monitor  the  changes 
in  molecular  weight  distribution  upon  fracture  in  nylon  6  fibers.  The  bond 
rupture  of  2.3  x  1018  per  cm3  measured  from  GPC  is  approximately  five  times 
the  number  of  free  radicals  observed  on  fracture  using  electron  spin  resonance 
(ESR) .  GPC  results  showed  that  the  high  molecular  weight  component  of  the  molec¬ 
ular  weight  distribution  ruptures  preferentially.  Fourier  transform  infra-red 
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spectroscopy  (FTIS)  observation  of  virgin,  fractured, ground  and  irradiated 
nylon  6  fiber  specimens  provided  additional  evidence  supporting  the  results 
of  GPC  and  ESR.  A  quantitative  measure  of  the  bond  rupture  could  not  be  ob¬ 
tained  from  FTIS  measurements. 

Some  calculations  for  the  structure  of  the  fibrous  morphology  were  per¬ 
formed:  (1)  Calculation  for  the  number  of  tie  molecules  per  gram.  This  was 

20 

found  to  be  approximately  1  x  10  per  gram  in  nylon  6  fibers.  (2)  Calculation 
for  the  contribution  of  various  amorphous  components  like  cilia,  chain  loops 
(folds),  chain  ends  and  tie  chains.  (3)  A  model  for  the  distribution  of  the 
tie  chain  lengths. 

the  experimental  results  of  GPC  and  some  of  the  calculations  above 
were  used  to  review  the  morphology  and  the  fracture  behavior  of  the  fibrous 
structure.  A  new  mechanism  for  the  formation  of  submicroscopic  cracks  in 
stressed  fibers  is  proposed. 
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1.  Introduction 

The  increased  use  of  polymers  in  structural  applications  puts  a  premium  requirement  on  tire  desired 
mechanical  properties  of  these  materials.  A  basic  understanding  of  the  factors  and  processes  governing 
the  stress-strain  characteristics  and  the  fracture  behavior  is  essential  in  this  regard.  It  is  generally  believed 
that  the  stress-strain  behavior  is  determined  by  the  overall  structure  whereas  the  fracture  characteristics 
arc  controlled  by  the  critical  phenomena  in  the  material,  for  example,thc  longest  flaw  may  determine  the 
ultimate  strength.  A  knowledge  of  the  morphology  and  structure  of  the  materials  is  essential  to 
understanding  of  its  mechanical  response. 

'rhe  study  of  fracture  can  be  approached  from  two  frames  of  reference: 

(1) .  Macroscopic:  The  macroscopic  viewpoint  treats  the  material  as  a  continuum  containing  flaws  and 
other  inhomogcncities.  This  is  referred  to  as  Fracture  Mechanics  and  consists  in  devising  a  functional 
relationship  between  the  properties  and  some  parameter  of  the  material  on  the  basis  of  energy  balance  or 
an  analysis  of  die  stress  intensity  factor  at  die  tip  of  die  crack  to  deal  with  local  stressecs  and  strains. 
Fracture  mechanics  has  very  successfully  provided  many  engineering  criteria  for  failure  and  an  extensive 
research  effort  is  active  in  die  area  at  the  present  time.  Such  a  framework,  however,  fails  to  provide 
information  regarding  the  molecular  processes  and  interactions  that  govern  and  accompany  the 
macroscopic  failure  of  die  materials. 

(2) .  Molecular  til  Microscopic:  The  molecular  approach  relates  observed  macroscopic  behavior  to  the 
scenarios  being  played  at  die  molecular  level.  Such  an  understanding  is  tremendously  important  for  die 
formulation  of  a  structure-property  relationship.  The  molecular  understanding  of  the  structure-property 
relationship  will  provide  material  scientists  and  engineers  with  an  insight  into  the  expected  behavior 
under  various  mechanical  stress  histories.  'Iliis  will  also  provide  die  means  for  design  of  materials  with 
superior  properties  and  materials  tailored  to  specific  needs. 
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Such  an  endeavor  towards  understanding  the  molecular  nature  of  fracture  lias  been  taken  up  by 
many  researchers  over  the  past  two  decades.  Hie  application  of  analytical  means  for  study  of  molecular 
fracture  in  polymers  was  initiated  with  the  use  of  Electron  Spin  Resonance  (E.SR)  by  Zhurkov  and 
colleagues  to  measure  the  covalent  bond  scission  caused  by  mechanical  stress.  Thereafter  a  large  number 
of  researchers  have  used  ESR  and  other  analytical  methods  for  investigation  of  molecular  fracture.  These 
studies  have  related  die  observed  mechanical  response  to  the  morphological  structure  of  die  materials  but 
with  partial  success.  It  is  an  ongoing  process  and  this  research  effort  is  another  step  in  the  same  direction. 

This  research  has  introduced  a  new  analytical  technique  -  Gel  Penneation  Chromatography  (GPC) 
-  for  the  study  of  changes  in  the  molecular  weight  distribution  on  fracture.  GPC  has  been  successfully 
used  to  determine  die  changes  on  fracture  in  nylon  6  fibers  broken  under  uniaxial  loading  and 
polystyrene  specimens  where  extensive  damage  was  produced  from  multiple  cracking.  The  results  of 
GPC  and  IR  spectroscopic  investigations  of  this  study  for  nylon  6  fibers  arc  basically  in  agreement  with 
die  reported  ESR  measures  of  bond  scission  in  the  same  material,  and  therefore  allays  generally 
expressed  doubts  regarding  use  of  KSR.  GPC  studies  have  provided  additional  information  regarding 
the  role  of  different  molecular  weight  components  of  the  distribution  in  determining  die  fracture 
behavior. 

A  theoretical  calculation  for  the  distribution  of  the  lengths  of  tie  chains  in  the  amorphous  region  is 
performed.  This  calculation  gives  information  about  the  morphological  structure  of  die  amorphous 
regions  of  the  semi-crystalline  polymers  and  this  morphological  information  is  employed  to  obtain  a 
description  of  die  fracture  behavior  in  fibrous  morphology.  A  new  means  for  die  formation  of 
submicroscopic  cracks,  which  have  been  experimentally  observed  using  Small  Angle  X-ray  Scattering 
(SAXS),  is  suggested  and  discussed  to  indicate  that  it  provides  a  belter  explanation  for  the  observed 
fracture  response. 


Strength  of  materials  and  ways  to  improve  it  have  been  a  matter  of  concern  for  man  long  since  he 
moved  from  the  stone  age.  Over  the  past  few  thousand  years  among  different  civilizations  experience 
with  the  use  of  various  materials  has  provided  the  major  guidelines  toward  obtaining  better  materials.  A 
scientific  approach  in  diis  area  had  its  beginings  in  eighteenth  century,  along  with  the  growing  interest  in 
other  scientific  disciplines  such  as  physics,  chemistry  and  biology.  Earlier  studies  obtained  a  single 
material  characteristic  such  as  critical  stress,  strain,  energy  absorbed,  etc.  to  determine  a  fracture  criterion. 
Griffith’s  paper  in  1920  started  what  has  come  to  be  known  as  Fracture  Mechanics.  Griffith’s  fracture 
criterion  was  based  on  an  energy  balance  between  the  energy  required  to  form  the  new  surface  ahead  of  a 
crack  and  a  decrease  in  the  elastically  stored  energy.  Further  investigations  in  the  area  have  led  to  other 
criteria  such  as  critical  stress  intensity  factor  Kjc,  energy  release  rate  G^,  J-intcgral,  Crack  Opening 
Displacement,  etc.  Very  active  research  in  fracture  mechanics  is  continuing  at  the  present  time. 

Over  the  past  forty  years  or  so  increasing  attention  has  been  devoted  to  understand  the  molecular 
nature  of  die  fracture  process.  These  molecular  models  of  fracture  arc  referred  to  as  ’Kinetic  Rate 
Process  Models’;  the  earliest  one  is  due  to  Tobolsky  and  Hyring,  and  others  have  been  developed  by 
Coleman,  lUiechc,  llsiao-Kausch,  Lloyd- IX' Vries  and  Pctcrlin.  Ihcsc  different  approaches  to  fracture 
analysis  arc  discussed  in  this  chapter. 

2.1  Classical  failure  Criteria 

Classical  continuum  mechanics  deals  with  homogeneous  isotropic  materials.  Failure  criteria  in  this 
approach  arc  established  on  die  basis  dial  some  strategic  property  of  die  material  such  as  uniaxial  tensile 
strength,  shear  strength,  strain,  energy  stored  or  applied,  reach  a  critical  value.  Ilicso  kinds  of  criteria 
have  been  used  to  obtain  failure  surfaces  in  three-dimensional  stress  space. 


Fracture  manifests  itself  in  different  forms  such  as  brittle,  ductile  or  through  plastic  deformation  or 
some  kind  of  mixed  mode.  'Ihesc  different  fracture  modes  result  in  different  failure  surfaces  which  may 
overlap  and  penetrate  each  other.  Some  of  the  principal  classical  criteria  arc  the  following: 

1.  Maximum  Principal  Stress  Theory  (Rankinc’s  Theory)  states  that  the  Largest  principal  stress 
component,  say  S3,  in  the  material  determines  failure  regardless  of  other  normal  or  shearing  stress,  Le., 
the  stability  criterion  is 

Sj  <  s*  where  s*  is  a  basic  material  property. 

2.  Maximum  Flastic  Strain  Theory  (St.  Venant’s  Theory)  states  that  it  is  the  largest  principal  strain 
that  determines  the  failure,  i.c., 

=  1/F.  [  s-j  -  v  (sj  +  S2)]  <  e* 

3.  Constant  Plastic  Strain  Knerev  gf  Distortion.  I^rgc  amounts  of  clastic  energy  due  to  hydrostatic 
pressure  may  be  stored  without  causing  either  fracture  or  permanent  deformation.  The  energy  critenon 
is  based  on  the  assumption  that  die  energy  of  distortion  W  determines  the  criticality  state  of  stress.  For 
small  clastic  deformation  one  obtains: 

6F.  *  W/(l  +v)  =  [(s,  -  s2)2  +  (sj  -  S3)2  +  (s3  -  S])2J  <  2(s*)2. 

4.  Coulomb  Yield  Criterion  assumes  a  critical  yield  stress  T*  which  is  pressure  dependent  in  any 
plane  and  describes  die  failure  mode. 

(S3-S1XT*  =  T0  +  wsn 

The  latter  two  criteria  have  received  the  most  experimental  support.  The  above  criteria  do  not  have 
explicit  timc-dei>cndciicc,  but  this  may  be  obtained  by  considering  dial  die  critical  value  of  the 
parameters  arc  themselves  lime-dependent.  Also,  these  failure  criteria  fail  to  take  into  account  the 
complete  stress  state,  thereby  neglecting  some  of  die  stress  effects. 
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12  Fracture  Mechanics  Approach 


Real  solids  have  flaws,  voids,  cracks  or  other  inluunogcncitics  which  distort  a  homogeneous  applied 
stress  Add.  The  continuum  mechanical  approach  which  derives  its  criterion  for  crack  stability  from  an 
energy  balance  consideration  is  a  fracture  mechanics  approach.  Griffith  (1)  fracture  mechanics,  the 
earliest  approach  in  this  direction,  was  based  on  the  balance  between  die  energy  required  to  produce  the 
new  surface  ahead  of  a  crack  and  a  decrease  in  the  elastically  stored  energy.  Griffith  further  proposed 
that  the  elastically  stored  energy  is  not  distributed  uniformly  diroughout  die  specimen  but  is 
concentrated  in  the  neighborhood  of  small  cracks.  Fracture  thus  occurs  by  spreading  of  cracks  which 
originate  in  the  pre-existing  flaws.  The  crack  growth  by  a  length  dC  is  governed  by  the  equation 

-dU/dC  =  Y  C(dA/dC) 

For  an  elliptical  crack  of  length  2C,  stressed  at  right  angles  to  the  major  axis  of  die  crack,  the  tensile 
strength  Sb  of  the  material  is  given  as 

Sb  =  [2Yi:/hC)05 
where  F  is  die  Young’s  modulus. 

This  shows  diat  die  observed  macroscopic  strength  is  much  smaller  than  the  theoretical  strength  of 
die  flawless  specimen.  The  problem  has  been  generalized  to  dircc  dimensions  and  alternative 
formulations  like  the  one  due  to  Irwin  for  stresses  in  a  planar  crack  for  plane  strain  and  plane  stress  have 
been  devised.  For  an  infinite  plate  widi  a  central  crack  of  length  2C  subjected  to  a  uniform  stress,  the 
Griffith  and  Irwin  formulations  arc  equivalent  Another  fracture  mechanics  critical  criterion  is  that 
fracture  occurs  when  the  strain  energy  release  rate  G  (decrease  in  strain  energy  per  unit  increase  in  crack 
length)  reaches  a  critical  value  Gc. 

Fxcept  in  the  case  of  glass,  the  values  for  surface  energy  arc  greatly  in  excess  of  diosc  calculated  on 
the  basis  of  separating  planes  of  atoms  to  form  the  fracture  surface,  ’this  led  Orowan  and  others  to 
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propose  that  the  surface- free  energy  may  also  include  a  term  arising  from  the  plastic  work  done  in 


deformation  adjacent  to  the  fracture  plane  as  the  crack  propagates. 

Various  extensions  and  improvements  in  fracture  mechanics  over  die  years  have  been  made.  Some 
of  the  important  ones  arc  the  J-intcgral  and  the  Crack  Opening  Displacement 

The  j-intcgral  uses  a  parameter,  J,  derived  from  non-linear  clastic  behavior  which  bears  the  same 
(unction  as  docs  G  in  linear  clastic  theory  and  a  critical  value  for  J  culminates  in  the  fracture  of  the  solid. 

The  Crack  Opening  Displacement  (COD)  criterion  is  based  on  die  consideration  that  a  critical  COD 
is  needed  to  determine  whether  the  fracture  is  brittle  or  ductile.  A  correlation  of  (COD)crjtjca|  to  cither 
^critical or  ^lc  va*ucs  fracture  criteria  is  lacking. 

An  active  research  in  the  use  of  fracture  mechanics  for  different  materials  is  being  pursued,  but 
some  polymeric  materials  do  not  conform  to  linear  fracture  mechanics  and  other  approaches  such  as  the 
J-intcgral  or  COD  have  not  been  successful  cither. 

2.J  Viscoelastic  Models 

Ihcsc  models,  based  on  the  studies  of  Smith  (2),  Bucchc  and  Halpin  (3, 6)  assume  that  for  polymers 
(crosslinkcd  rubber),  die  viscoelastic  behavior  could  be  reduced  according  to  the  time-temperature 
superposition  principle  for  stress,  strain-rate  and  temperature  corresponding  to  their  states.  If  the  failure 
criterion  refers  to  die  the  unique  molecular  stale  (load-carrying  capabilities),  then  die  plot  of  reduced 
stress  at  break  against  the  reduced  strain  at  break  should  lead  to  a  master  curve,  representing  the  failure 
envelope.  SmiUi’s  results  describe  remarkably  well  the  experimental  behavior  and  the  reduced  shift 
factors  obtained  correspond  to  WI.K  equation  for  superposition  of  low  strain  linear  viscoelastic  behavior 
of  the  amorphous  polymers.  Bucchc  has  theoretically  derived  such  a  failure  envelope  based  on 
viscoelastic  behavior  for  the  polymers. 

These  models,  however,  do  not  allow  the  prediction  of  failure  envelope  or  conversion  of  data 


15 


•  1  *«».  -■ 


'■  ■**?*<** * ttiup I*  k  -ly-  jy 


between  different  modes  of  excitation  (uniaxial,  biaxial,  and  multiaxial).  They  recognize  tlic  molecular 
origin  of  tire  viscoelastic  behavior  of  a  material,  but  do  not  refer  to  die  discrete  quantities,  anisotropy  of 
the  molecular  properties  or  distribution  of  molecular  stress  or  strain,  i.c.,  tire  solid  is  essentially  treated  as 
a  continuum. 

2.4  Kinetic  Rate  Process  Theories  of  Fracture 

As  opposed  to  continuum  mechanical  theories,  molecular  rate  process  theories  of  fracture  recognize 
the  presence  of  discrete  elements  fonning  the  material  body.  The  deformation  and  breakage  of  these 
elements  determines  the  fracture  of  the  structural  material.  The  basic  fracture  events  are  controlled  by 
the  thermally  and  stress-activated  primary  or  secondary  bond  rupture;  the  accumulation  of  these 
micro-events  leading  to  formation  of  cracks,  which  upon  reaching  a  critical  value,  cause  specimen  failure. 

Some  of  the  rate  process  models  have  also  taken  into  account  the  morphology  of  the  material.  A  few  of 
the  characteristic  aspects  of  these  generalized,  non- morphological  rate  process  fracture  theories  are 
discussed  here. 

Tobolsk  v-Hvrine  Model:  Tobolsky  and  Fyring  (4)  proposed  dial  the  breaking  of  polymer  threads 
under  uniaxial  loads  was  due  to  the  breaking  of  the  secondary  bonds  at  stress  and  temperature  dependent 
rates.  The  rate  of  decrease  of  N  number  of  such  bonds  per  unit  cross-sectional  areas  under  constant 
stress  fu  is  given  as 

dN/Ndt  =  kT/h  cxp{-AF/RT}  *  2  sinh{f^/  2NkT} 

X  is  the  mean  separation  between  the  equilibrium  positions  of  the  minimum  force  potential. 

Thread  lifetime  is  obtained  by  integrating  litis  equation  from  an  initial  value  of  N,  namely  N(),  to  a 
final  value  of  zero;  dial  is,  die  thread  breaks  when  die  number  of  remaining  bonds  is  zero.  The  above 
equation  takes  into  consideration  die  possibility  of  a  reverse  reaction  in  which  the  bond  would  be 
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repaired.  For  large  values  of  stresses,  when  the  repair  of  bonds  is  insignificant,  tire  equation  is 


dN/Ndt  a  kT/hcxp{-AF/RT}*cxp{f^/2NkT} 


According  to  this  model,  the  logarithm  of  lifetime  is  related  almost  linearly  to  the  applied  stress. 

This  work  laid  the  foundation  for  the  kinetic  theory  of  fracture  which  has  been  further  worked  on 
subsequently  by  a  larger  number  of  researchers. 

Coleman  Model:  Coleman  (S)  applied  a  reaction  rate  model  to  the  rupture  of  polymeric  threads 
subjected  to  constant  loads,  to  loads  increasing  linearly  with  time  and  to  sinusoidal  applied  loads.  His 
model  differs  from  the  l-yring  approach  in  that  Coleman  assumes  that  bond  slipping  (not  bond  rupture) 
is  the  basic  mechanism  of  failure  and  that  the  microstructurc  can  tolerate  maximum  distortion  of  g  =  g^. 
In  keeping  with  this  mechanism  of  bond  slippage,  the  number  of  bonds  stay  constant  at  its  initial  value 
N0.  Coleman's  differential  equation  is 

dg/dt  =  k  l’/h  cxp{ -AF/RT)  *2  sinh  {a  V2N0kT} 

where  g  is  the  strain. 

The  solution  in  integrated  form  looks  like 
t*  kT/h  •  cxp{AF/KT}  «  g,,/  cxp{-s>/2N0kT| 

Fxperimental  rupture  times  obtained  from  Tobolsk  y-Fy  ring  model  and  Coleman  model  give  very 
similar  values  for  the  rupture  time  . 

Iluechc-llalnin  Model:  The  limited  viscoelastic  extensibility  of  rubber  strands,  according  to  the* 
theory  proposed  by  Bucchc  and  llalpin  (6),  determines  (lie  fracture  of  the  elastomer.  According  to  these 
authors,  under  a  constant  k>;id  the  specimen  elongates  and  small  tears  (10*^  cm.  long)  within  the 
specimen  arc  initiated.  A  very  highly  strained  thin  filament  (10  •  100  A0)  exist  at  the  tip  of  a  tear.  I  he 
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stress  on  filament  is  S*K  where  S  is  applied  stress  and  K,  the  stress  intensity  factor,  is  of  the  order  of  10 
-  10^.  'Hie  filament  creeps  and  ruptures  on  reaching  a  critical  breaking  elongation.  On  rupture  of 
filament,  the  tear  will  propagate  further  through  a  distance  the  thickness  of  tire  filament.  Idealizing  the 
propagation  process  to  be  stepwise  in  nature,  the  new  material  at  the  tip  takes  a  finite  time  to  fracture. 
Thus,  the  rate  of  tear  propagation  is  determined  by  the  creep  curve  of  the  elastomer. 

llic  sample  as  a  whole  ruptures  when  the  tear  has  propagated  through  q  filament  lengths.  Here  q  is 
of  die  order  of  10^  -  10^.  If  the  sample  as  a  whole  breaks  in  time  Tb,  each  filament  requires  only  time 
Tb/q  to  break.  The  material  at  the  tear  tip  is  required  to  undergo  a  very  rapid  viscoelastic  response  in 
comparison  to  the  response  of  the  sample  as  whole.  This  theory  docs  not  take  into  consideration  any 
change  of  stress  distribution  with  growing  crack  length  or  die  decrease  of  T^/q,  the  time  necessary  to 
fracture  one  filament.  According  to  Kausch,  a  group  of  q  filaments,  subject  to  the  statistical  condition 
that  the  fracture  of  one  filament  may  start  once  the  preceding  filament  was  completed,  has  an  average 
lifetime,  Cl’b>,  of  qt’  and  a  Poisson  distribution  of  Tb. 

pO  b)dTb  =  d  l'b/t'(q  - 1)  {Tb/l’}<l'1  *  exp  (-Tb/f) 

Zhurkov  Model:  Independently,  Zhurkov  (7)  in  USSR  and  Bucchc  (6)  in  US.  expressed  the  idea 
that  primary  (chemical)  bond  breakage  plays  a  significant  role  in  the  fracture  of  polymers.  Zhurkov  in 
1965  showed  that  die  lifetime  Tb  for  50  different  solids  (metals,  polymers,  alloys  and  non-mctallic 
crystals)  under  constant  load  can  be  expressed  by  reaction  rate  equation  of  the  form 

Tb  =  T0cxp{(U0-go)(RT}  (1) 

The  three  parameters  in  the  above  equation  were  associated  as:  T0  being  10’^  per  second, 
independent  of  the  structure  and  chemical  nature  of  the  solid  in  question  and  equal  to  the  reciprocal  of 


the  natural  oscillation  frequency  of  the  atoms  in  the  solids;  U0,  the  activation  energy  for  bond  scission; 
and  g  the  activation  volume,  a  structure-sensitive  parameter  related  to  the  internal  stress  distribution. 

Zhurkov  believed  that  this  correlation  was  not  fortuitous  but  rather  an  indication  that  stress-aided 
thermal  bond  dissociation  is  die  controlling  factor  in  the  fracture,  with  such  mechanisms  as  molecular 
flow  playing  secondary  roles.  This  thcmiofluctuation  model,  as  expressed  by  Zhurkov,  involves  the 
breakage  of  bonds  under  the  influence  of  an  applied  stress  at  a  rate  which  varies  exponentially  with  the 
magnitude  of  the  stress. 

Of  even  greater  importance,  Zhurkov  demonstrated  the  atomistic  nature  of  polymer  fracture  by 
measurement  of  the  radicals  formed  during  bond  rupture  using  ESR.  Radical  formation  was  found  to 
increase  exponentially  with  the  magnitude  of  tire  applied  stress,  and  furthermore,  the  stress  coefficient 
for  radical  formation  was  identical  with  the  stress  coefficient  measured  for  the  time  to  break  (i.c.,  g/RT). 
Ibis  bears  out  the  assertion  that  the  polymer  bond  rupture  is  some  sort  of  thermally  activated 
stress-aided  process  and  the  fact  that  tire  sample's  lifetime  under  load  obeys  a  similar  relationship  to  die 
stress  as  the  bond  ruptures  helps  confirm  die  importance  of  the  bond  rupture  process  to  macroscopic 
polymer  fracture.  This,  however,  did  not  explain  the  lime-dependent  nature  of  radical  formation.  Also, 
this  interpretation  did  not  take  into  account  the  distribution  of  molecular  stresses  which  vary  not  only 
over  the  bond  imputation,  but  also  with  time  to  account  for  morphological  change  occuring  in  the  fiber, 
c.g.,  the  rupture  of  a  significant  number  of  load-bearing  tic  chains  during  loading  to  fracture. 

Also,  Zhurkov  found  departure  from  equation  (I)  for  kiw  values  of  stress,  noting  that  as  the  stress 
diminished,  experimental  lifetimes  became  infinitely  large.  The  existence  of  a  bond  repair  reaction  was 
offered  ns  die  possible  explanation  for  this  behavior.  An  alternative  explanation  would  be  established  by 
postulating  a  critical  stress  below  which  the  deformation  could  be  insufficient  to  have  an  effect  on 
activation  energy.  The  existence  of  such  a  critical  stress  has  been  established  in  fatigue  studies  of  metals 
and  many  polymers. 
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Hsiao- Katisclr  Model:  'lire  polymeric  materials  studied  by  experimental  methods  like  KSR  were 
essentially  highly  drawn  fibers  and  films  which  had  a  highly  anisotropic  structure.  The  fracture  theory  of 
Hsiao*  Kausch  (8, 9)  takes  into  account  dtc  state  of  orientation  of  a  polymeric  solid.  Tire  theory  combines 
the  kinetic  concept  of  Zhurkov  or  Bucchc  and  the  anisotropic  nature  of  tire  solid. 

lire  mathematical  model  for  analysis  is  a  matrix  of  identical  rod-like  oriented  elastic  elements.  The 
fracture  Ureory  is  based  on  the  assumption  that  the  mechanical  properties  of  the  solid  arc  predominantly 
determined  by  the  state  of  orientation  and  the  properties  of  clastic  elements.  The  kinetic  aspects  are 
introduced  in  this  model  through  the  assumption  drat  the  element  can  undergo  breakage.  Probability  for 
failure  is  determined  by  the  axial  stress  upon  the  element  and  that  immediate  redistribution  of  load 
occurs  once  tire  element  has  ruptured.  'lire  state  of  stress  in  tire  vicinity  of  a  point  in  tire  solid  may  be 
represented  by  the  lime-dependent  stress  tensor  Sjj 

Sjj  =  /Wfl.  f  e)  *  H8.  ♦.  t)  *#0.  ♦.  t)  Cj  CjdQ  (2) 

where  f  is  the  longitudinal  stress  acting  along  a  group  of  parallel  elements,  a  function  of  orientation 
(0.  4)  and  time  t;  f.  tire  fraction  of  unbroken  elements  is  function  of  orientation  and  time,  and  P  is  the 
density  of  probability  distribution  function  of  orientation. 

lire  time-dependent  nature  of  the  fracture  process  can  be  formulated  utilizing  the  statistical  theory 
of  reaction  rate.  The  rate  of  change  of  f  is  given  as 

dl/dt  -  k^l  -  f>*  kbf  (3) 

where  the  rale  of  reformation  of  broken  elements  is 

kf  -  wrcxp{  (U/RD-gjiKt)} 

and  the  rate  of  bond  rupture,  k^,  is 
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kb  =  wbcxp{-(U/RT)  +  griKt)} 


wf  and  wb  are  respective  frequencies  for  forming  and  breaking  process.  Eqs.  (2)  and  (3)  have  been 
evaluated  for  a  completely  oriented  and  an  unoriented  network  under  constant  uniaxial  stress  sQ.  The 
time  taken  for  the  breakdown  of  the  solid  is  given  as  (neglecting  the  term  for  reformation  of  broken 
elements) 

koTb  ={Ei(-gbVR'0}*C 
where 

-F.j(-  y)  =  /  dz  exp(-  z)/i. 

\|>0  is  the  initial  stress  carried  by  elements  of  orientation  0  =  0  and  C  is  a  slowly  varying  function  the 
limits  of  which  arc  expressed  by 

1<C<1  +  0.63gbt./RT 


The  lower  limit  refers  to  a  completely  oriented  network,  the  upper  one  to  a  randomly  oriented  one. 
Kausch  (10)  has  calculated  the  effect  of  network  orientation  on  defect  accumulation  and  strength. 
It  turns  out  that  the  range  of  orientation  angels  within  which  the  elements  break  preferentially  is  narrow. 
Hie  increase  in  strength  resulting  from  improved  uniaxial  orientation  is  limited.  ’ITiis  is  illustrated  in 
Figure  1  for  a  randomly  oriented  network  where  the  initial  distribution  is  independent  of  0.  Idcmcnts 
oriented  in  the  direction  of  uniaxial  stress  (cos  0=1)  experience  the  largest  initial  stress  and  break 
preferentially.  Hie  angular  distribution  of  fl[cos  0,  t)  is  shown  for  three  different  stages  of  defect 
development,  namely,  af\cr  1(1,  t)  had  dropped  to  0.S  and  zero  and  for  the  point  of  impending  failure 


where  the  numerical  calculations  were  terminated  because  breakage  of  the  remaining  elements  occurs  at 
a  very  high  rate.  The  calculations  as  represented  in  f  igure  1  show  that  almost  one-half  of  the  loading 
period  has  to  pass  before  one-half  of  the  most  heavily  stressed  elements  is  broken.  More  than  90  %  of  the 
loading  period  has  to  elapse  before  all  the  elements  within  a  small  angular  section  arc  broken.  At  this 
stage  llie  majority  of  die  elements  present  arc  still  unbroken.  The  step  from  the  second  to  the  third  stage 
of  defect  accumulation  is  rather  short  (6%  of  die  loading  time)  and  from  there  to  network  failure, 
practically  negligible. 

Gotlih.  Dohrodnmov.  Rl'vashcvich  and  Svetlov  Model:  (11,  lla).  The  first  ruptures  in  a  large 
assembly  of  initially  equally  stressed  solids  will  occur  at  random.  The  breakage  and  retraction  of  a 
particular  element,  however,  leads  to  an  increase  in  die  axial  stress  of  diosc  elements  to  which  it  is 
coupled  (through  primary  or  secondary  forces).  As  a  result,  the  probability  of  rupture  of  stress-coupled 
elements  will  be  higher  than  for  others. 

Hie  rupture  events  will  continue  to  occur  at  random  for  an  initial  period.  With  dicir  growing 
number,  chances  are  increasing  dial  rupture  events  occur  in  an  immediate  vicinity  of  each  other.  This 
signals  the  end  of  die  fracture  initiation  phase  and  the  beginning  of  crack  growth. 

This  process  was  numerically  simulated  by  die  above-mentioned  audiors  for  a  set  of  elastically 
connected  element.' with  different  clastic  constants  in  two  perpendicular  directions.  At  small  load,  a 
large  number  of  isolated  (random)  defects  appear  until  a  crack  forms  through  accidental  accumulation  of 
few  defect  points  and  starts  growing.  At  higher  loads,  a  small  number  of  defect  points  initiate  a  crack  and 
very  little  damage  is  done  to  die  remainder  of  the  specimen  during  fracture  initiation.  This  is  shown  in 
Figure  2.  This  model  deals  with  clastic  elements  and  the  only  means  for  relieving  local  stress  arc  through 
a  rupture  of  bonds.  Therefore,  Uiis  model,  as  it  stands,  is  only  applicable  to  brittle  glasses,  where  plastic 
deformation  docs  not  take  place  in  fracture  initiation. 


Figure  1  : 


Decay  Characteristics  within  a  population 
of  randomly  oriented  elements (9,10) . 
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2.5  Molecular-Morphological  Models  of  Fracture 

Llovd  ;  DeVries  Model:  The  FSR  (12)  and  viscomctry  (13)  evidence  for  bond  rupture  in  nylon  6 
shows  a  small  fraction  of  the  available  tic  chains  breaking  on  fracture.  One  of  the  most  interesting  and 
intuitive  experiments  performed  to  study  the  molecular  fracture  processes  is  due  to  Kausch  (14)  and 
Lloyd  (15).  A  full-length  discussion  of  these  and  other  experiments  is  available  in  Kausch’s  book  (16);  a 
short  summary  is  presented  here. 

The  experiment  consisted  in  step-strain  loading  of  the  nylon  6  fiber  specimens  located  in  the 
microwave  cavity  of  an  FSR  spectrometer.  The  concentration  of  free  radicals  after  each  increase  in  strain 
step  was  recorded,  until  the  specimen  was  pulled  out  of  the  FSR  cavity  as  a  result  of  macroscopic 
fracture.  The  histograms  of  free  radical  concentrations  as  a  function  of  the  applied  strain  are  shown  in 
Figure  3.  An  analysis  of  these  and  other  experimental  results  which  formed  a  basis  for  mathematical 
interpretation  of  the  results  of  Figure  3  are: 

-  stress  relaxation  or  creep  is  not  caused  by  slippage  of  fibrils  or  microfibrils. 

-  chain  scission  occurs  in  tic  segments;  generally  tic  segments  interconnect  adjacent  crystal  blocks  within 
a  microfibril,  but  more  distant  or  intcrfibrillar  tics  also  have  to  be  considered. 

-  eventually,  breaking  tic  segments  arc  solidly  held,  most  probably  by  the  crystal  blocks;  although  the 
clamping  extends  over  2  to  5  nm.  in  the  crystal  block,  the  tic  segments  arc  treated  as  if  they  had  a 
well-defined  end  to  end  distance  I ,  and  contour  length  L. 

-  chain  scission  occurs  if  the  axial  stress  Sy, reaches  chain  strength. 

-  the  large  value  of  molecular  stress  concentration  (ratio  of  ^to  s  of  the  order  of  50  or  80)  (Ref.  17,  18, 
19)  follows  from  the  fact  that  individual  (highly  rigid  and  clearly  extended)  chains  arc  subjected  to 
comparatively  large  strains  of  intra-  or  intcrfibrillar  amorphous  regions  they  span. 

Consider  a  fairly  extended  tie-segment  of  contour  length  L,  end  to  end  distance  I  and  clastic 
modulus  l:k.  Fiich  segment  spans  an  arbitrary  number  of  amorphous  regions  ncj  =  n.(i  -  1  of  crystalline 
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regions  (thickness  LA  The  clastic  stress  experienced  by  the  extended  segment  will  be 

v 

*t  =  (Ek/I-j)  [La(l  +  sa)  +  Lc(l  +  s)J  -  Kk 

M  =  Ek  KLa(l  +  s^/Lj}  - 1  +  {(L0  -  I.aXl  +  s)/Lj}]  (4) 

Equation  (4)  holds  for  tie  segments  connecting  adjacent  crystal  blocks  in  a  microfibril  or 
intcrfibrillar  tic  molecules,  with  appropriate  choice  of  values  for  La  and  LQ. 

Lloyd’s  analysis  of  the  histograms  of  Figure  3  is  based  on  a  direct  correlation  between  the  number 
of  free  radicals  generated  during  a  step-strain  loading  and  number  of  tie  molecules,  of  a  given  length, 
present  in  the  amorphous  region  between  two  crystalline  blocks.  Thus  the  histograms  of  Figure  3  are 
converted  to  a  distribution  of  tic  chain  lengths  Gl(L^\/L0}  according  to  die  following  equation  based 
on  stress  aided  first  order  rate  process  equation  for  fracture: 

[«•}  =  2Nq?  G(  {I.(i)/).0}  1 1  -  exp  {/wb  cxfWRT)  dr}]  (5) 
where  {R-}  is  die  free  radical  concentration,  NQ  the  total  number  of  tic  chains  and  wb  =  wQ  exp 
(U0/RT). 

A  numerical  iteration  procedure  is  used  to  solve  equation  (5)  for  Gj  {L^/L0}  in  such  a  way  that 
concentration  of  free  radicals  [R- }  of  histogram  of  Figure  3  is  obeyed.  The  length  distribution 
Gj  {L(l)/L0}  of  the  intrafibrillar  tic-molecules  as  shown  in  Figure  4  varies  from  I  J\  ,Q  of  1.06  to  1.18.  If 
die  same  radical  concentration  were  caused  instead  from  the  rupture  of  long  intcrfibrillar  molecules,  the 
distribution  of  intcrfibrillar  tic  chain  lengdi  lies  in  l./L0  range  between  0.97  (?)  and  1.05.  (20).  Ihc 
distribution  G^{l  ./L0}  obtained,  is  called,  by  Lloyd-DcVrics  as  the  distribution  of  lengdis  of  all  the  tie 
molecules  present  in  the  amorphous  regions  of  die  fiber  structure.  An  exactly  similar  procedure  has  been 
repeated  by  Nagamura,  ct  al.  (21)  on  PKOB  {Poly  P-(2-hydroxycUioxy)  benzoic  acid}  fibers. 

'Ihc  experiments  cited  in  references  15  and  21  indicated  that  qualitatively  the  slopes  of  stress-strain 
and  radical  concentration -strain  curves  correspond.  As  a  result,  different  variations  of  the  four-phase 
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model  as  shown  in  Figure  5  have  been  used  by  l.loyd  (15,  22),  Nagainura,  et  at.  (21)  and  Klinkenberg 


(23)  to  explain  the  stress-strain  curves  of  fibers  used.  The  tic  chains  in  die  amorphous  regions  were 
divided  into  three  classes  according  to  their  contour  lengths:  Class  1  indicates  tic  chains  already  broken  at 
macroscopic  strain  s;  Class  II  tic  chains  fully  extended;  Class  111  tic  chains  which  are  long  and  not  fully 
extended;  and  die  distribution  of  lengths  of  all  the  tic  chains  being  given  by  function  {L/L  }.  Once 
die  strain-dependent  widths  of  the  fractions  are  obtained  from  Gj  {L/I-0}  and  appropriate  moduli  are 
assigned  to  individual  phases,  a  stress-strain  curve  is  obtained.  A  gaussian  distribudon  G^  {L/I.0)  for  tie 
chain  lengths  was  used. 

A  fit  of  observed  and  calculated  stress-strain  curves  was  obtained  if  the  number  of  tie  chains  was 
taken  to  be  larger  than  die  observed  number  of  free  radicals  by  a  factor  fof  20  (Ref.  23)  and  40  (Ref.  21). 
The  possible  explanations  for  such  a  discrepancy  arc:  (1).  The  number  of  broken  chains  is  systematically 
larger  than  the  number  of  free  radicals,  c.g.,  due  to  a  Zakrevskii  mechanism  (24)  or  a  decay  of  the  free 
radicals.  (2).  I  Ik  breakage  of  N  chains  in  a  volume  results  in  preferential  unloading  of  fN  extended 
chains.  This  could  be  explained  on  the  basis  of  microfibrillar  morphology  (25,  26),  or  an  unloading  of 
chains  due  to  temperature  rise  in  the  neighborhood  of  a  broken  chain  or  a  group  of  chains  (34,  35). 

Some  of  the  limitations  of  this  model  arc: 

-  the  observed  amount  of  bond  scission  is  too  small  to  explain  the  observed  stress-strain  behavior. 

-  no  attempt  is  made  by  the  authors  to  explain  how  macroscopic  fracture  can  result  from  scission  of  only 
1%  of  the  available  lie  chains. 

-  it  is  assumed  that  the  distribution  of  free  radicals  observed  also  represents  die  distribution  of  the  lie 
chain  lengths. 

-  a  mechanism  for  the  formation  of  submicroscopic  cracks  is  not  proposed. 

Peterlin's  microfibrillar  model  attempts  to  lake  some  of  these  factors  into  consideration. 

Microfibril  Model  of  Fracture:  The  microfibril  model  has  been  strongly  advocated  by  I’eterlin  (25, 
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26)  to  explain  the  fracture  and  strength  of  the  fibrous  structure.  A  doubt  lias  been  cast  on  the  model  for 
drawing  process  as  a  result  of  new  experimental  evidence  from  neutron  scattering  of  polyethylene  lamella 
by  Rory  and  others  (27).  An  alternative  explanation  of  the  cold  drawing  process  and  the  details  of  the 
resulting  fibrous  structure  arc  still  lacking,  though  many  of  the  features  of  the  drawing  process  and 
fibrous  structure  may  still  be  very  much  similar  to  Pctcrlin’s  model. 

According  to  the  microfibrillar  model  of  fibrous  structure  (25),  the  highly  drawn  crystalline  polymer 
consists  of  densely  packed,  highly  aligned,  very  long  and  thin  microfibrils  bound  into  long  and  somewhat 
skewed  fibrils.  These  features  arc  schematically  shown  in  Figures  7  and  8.  A  typical  dimension  for  the 
microfibril  has  been  ascribed  as  10u  in  length  and  about  100  A0  wide.  In  each  microfibril,  looped 
(folded)  chain  crystalline  blocks  alternate  in  axial  direction  with  amorphous  layers,  bridged  by  a  large 
number  of  tic  molecules.  The  fraction  of  tie  molecules  is  between  10  and  30  %  of  the  chains  in  the  crystal 
lattice  (28).  The  tic  molecules  connect  not  only  subsequent  blocks  (intrafibrillar  tic  molecules)  of  the 
microfibril  but  also  blocks  farther  away  and  blocks  of  adjacent  niicrofibrils  (intcrfibrillar  tic  molecules). 
The  total  fraction  of  'taut  chain  molecules’  determines  die  axial  clastic  modulus  of  fibrous  material.  This 
fraction  is  estimated  to  be  of  the  order  of  2  -  5  %  of  the  total  tic  molecules. 

The  large  surfacc-to-cross-section  ratio  means  an  easy  lateral  transfer  of  axial  forces  and  hampers 
any  large-scale  local  deformation  of  the  microfibril.  Ihc  dense  packing  of  niicrofibrils  prevents  any 
large-scale  lateral  movement  of  the  crystalline  blocks,  and  die  longitudinal  connection  by  tic  molecules 
prevents  large  axial  displacements.  If  the  stress  cannot  be  relieved  dirough  sliding  of  niicrofibrils  or 
fibrils  (i.e.,  creep)  or  separation  of  adjacent  structural  elements,  it  may  do  so  by  crack  jumping  through 
an  amorphous  region  of  the  microfibril  structure  rupturing  all  the  tic  chains  in  its  path.  Different 
possible  mechanisms  for  microcrack  (indention  and  propagation  arc  shown  in  Figure  8. 

The  formation  of  microcracks  has  been  supported  by  observations  of  Zhurkov  (31,  32)  using  SAXS. 
The  si/.e  and  density  of  mic  roc  racks  obtained  appear  to  be  in  close  agreement  with  the  expected  values 


27 


for  a  microfibrillar  model.  Peterlin  (33)  has  also  hypothesized  from  similar  results  on  various  fibrous 
materials  a  critical  volume  fraction  for  die  microcracks  forming  a  criterion  for  macroscopic  failure. 

The  effects  of  stress  irregularities  as  proposed  by  Peterlin  to  explain  the  observed  response  of  the 
fibrous  structure  is  not  adequate: 

-  the  voids  do  not  prevent  the  build-up  of  large  elastic  strains  in  the  fibers,  as  evidenced  by  scissioning 
of  chains  and  the  appearance  of  deformed  IR  bands. 

-  if  die  chain  scission  in  regions  adjacent  to  the  stress  irregularities  is  the  mechanism  for  failure  and  the 
stress-strain  response,  how  is  it  possible  that  during  second  stressing  (i.c.,  after  the  load  has  completely 
been  relieved  once)  the  stress-strain  behavior  is  the  same? 

-  if  the  chain  scission  would  occur  preferably  adjacent  to  microfibril  ends,  further  widening  of  these 
existing  microcracks  would  then  invariably  accelerate  chain  scission. 

-  microfibril  ends  arc  free  to  undergo  shear  deformaLion. 

-  existence  of  microfibril  ends  in  nylon  6  fibers  has  not  been  observed  from  TKM  studies. 

-  drawing  of  semi-crystalline  polymers  is  a  matter  of  controversy  at  the  present  time. 

Rausch's  Model:  Another  approach  to  molecular  fracture  process,  based  on  the  energetic 
consideration  of  the  stressed  tic  chains  and  their  surroundings  has  been  proposed  by  Rausch  (34,  35). 
Harder  work  along  imilar  lines  was  done  by  Godovskii,  ct  al.  (36),  who  determined  die  mechanical  work 
input  and  the  heat  evolved  in  a  cyclical  bailing  -  unloading  of  nylon  6  of  a  draw  ratio  of  5.5.  It  was 
observed  that  the  difference  in  mechanical  work  AA  and  the  heat  evolved  AQ  between  the  first  cycle  and 
die  second  or  any  subsequent  cyclical  stressing  was  the  same.  AA  and 

AQ  as  functions  of  applied  stress  are  shown  in  Figure  9.  The  difference  in  mechanical  work  performed 
AA  and  the  heat  evolved  A Q  between  the  first  and  the  second  cycle  (AA  =  SA  -5A2.AQ  -  6Q  -SQ2)  was 
taken  as  the  increase  in  internal  energy  ’All’.  The  internal  energy  'AU'  was  ascribed  to  the  energetic 
characteristics  of  those  chain  molecules  stretched  and  ruptured  during  the  first  loading  cycle,  flic 
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extension  of  these  molecules  involves  the  expenditure  of  work,  stored  ns  clastic  potential  energy;  a  part  of 


it  is  used  as  chemical  energy  for  bond  breakage  and  a  large  part  is  evolved  as  heat  due  to  dissipation  of 
the  mechanical  energy  by  two  'halves’  of  the  ruptured  molecule.  According  to  Godovskii,  the  energy 
characteristics  were  not  affected  by  plastic  effects  (structural  rearrangements  and  conformational 
transitions  of  macromolcculcs)  as  evidenced  by  analogous  experiments  on  nylon  6  of  different  degrees  of 
orientation,  though  Kausch  suggests  the  possibility  of  an  internal  energy  due  to  local  rearrangements 
triggered  by  chain  scission. 

A  mathematical  treatment  due  to  Kausch  is  presented.  The  total  clastic  energy  in  a  segment  of 
length  l.,  cross-section  q  and  clastic  modulus  F.^  amounts  to 

Wk  =  qL^/2F.k  (6) 

l  or  a  nylon  6  segment  of  5  nm.  length  with  q  =  0.189  nm.2,  ^  =  21  GN/m2  and  F^  =  200  GN/in2, 
10 

give  a  value  of  1*  *0  i  per  segment  or  600  kJ/molc  for  the  elastic  energy  stored  in  a  chain  at  breakage. 
The  contribution  of  elastic  forces  that  hold  the  highly  stressed  tic-segment  ends  within  the  crystal 
lamellae  is  190  kJ/rnolc  for  each  segment  at  the  rupture  stress.  Thus  an  energy  of  870  kJ/inolc  liberated 
at  the  moment  of  chain  scission  has  to  be  dissipated  as  heat.  If  this  energy  released  were  to  be  confined 
within  the  volume  of  the  segment  and  its  two  ruptured  ends,  it  would  constitute  an  energy  density  of 
Wu,t;||/ql.  -  764  MJ/m\  Thus  chain  scission  event  is  like  a  micro-explosion. 

The  local  temperature  rise  AT  in  the  neighborhood  of  the  broken  segment  will  depend  upon  the 
number  N  of  segments  on  which  the  energy  of  the  breaking  segment  is  distributed.  Using  the  following 
values  ftn  nylon  6  (37)  -  a  heat  capacity  Cp  =  1.47  cal/gm.°K  and  a  density  of  the  amorphous  region  P= 
1.084  gm./cmA  one  obtains 

AT  =  {764/(N  *P*cp)}  ♦MJ/ni3)  =  (479/N)°K  (7) 
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This  temperature  rise  not  only  increases  the  mobility  of  the  chains  the  region  but  also  results  in  a 
decrease  Y»b,  die  strength  of  the  Nc  affected  tie  chains,  which  can  be  obtained  by  differentiating  the 
equation 

Vn  =  {u0-RTi0gc(w0Tb)}/e  (8) 

A%  ={-Rloge(w0Tb)}AT/e 

Using  &=  5.53*  10_6m3  and  wQTb  =  (1013  see'1  •  1  see)  =  1013, 

=  (-  48*AT)  MN/nt2  =  (-  23/N  )  GN/m2  (9) 

As  mentioned  earlier,  a  qualitative  agreement  is  observed  between  die  slopes  of  stress-strain  curve 
and  free  radical-strain  curve.  A  quantitative  correspondence  requires  that  20  to  40  times  as  many  tie 
chains  experience  breaking  stress  as  arc  the  number  of  free  radicals  observed.  A  local  temperature  rise 
due  breakage  of  a  tic  chain  segment  facilitates  the  extension  of  kinked  chains  due  to  annihilation  of  kinks 
and  therefore  die  chain  will  be  unloaded  without  breaking.  Within  this  framework  one  would  have  to 
assume  that  the  breakage  of  one  amorphous  segment  at  maximum  load  fll’brca|l)  leads  to  conformational 
changes  in  the  surrounding  segments  of  die  same  microfibrillar  region,  resulting  in  load  decreases  of  40 
^break'  According  to  Kauscli,  there  arc  more  than  2000  surrounding  segments  (of  Sum.  length  in  any 

'J 

amorphous  region  400  nnr  in  cross-section)  and  the  value  of  40  ♦brca|t  is  thus  reasonable. 

Kauscli 's  approach,  though  it  presents  an  alternative  explanation  of  Lloyd  -  DeVries  result,  is  very 
speculative  at  this  moment.  Some  experimental  evidence  in  this  direction  is  desired.  l;urthcnnore, 
Kauscli  mentions  that  there  are  2000  segments  per  400  nm.  cross-section.  This  is  the  number  of 
segments  in  a  crystalline  block  and  not  in  the  amorphous  region  where  die  number  is  generally  expected 
to  be  smaller  by  an  order  of  magnitude. 
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Figure  3  :  Histograms  of  nylon  6  free  radical  concen¬ 
tration  from  step-strain  data  at  room 
temperature ’ 


Figure  4  :  Distribution  of  relative  chain  lengths  of 

tie  molecules  (L/Lq)  of  nylon  6  fibers  from 
step-strain  data  using  Lloyd-DeVries  model. 
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Figure  8 


Figure  9  : 


:  Crack  coalescence  along  (a)  radial,  (b)  axial  direction. 

In  the  former  case  a  micro fibril  is  broken  with  all  the 
tie  molecules  ruptured  in  at  least  one  amorphous  layer  B, 
no  or  very  few  molecules  (interfibrillar  tie  molecules  are 
ruptured  in  the  latter  case (  ) . 


Energetic  characteristics  due  to  rupture  of  molecules 
during  loading  of  nylon  6.  A)  Mechanical  work  spent  in 
elastic  extension  of  macrosolecules ;  Q)  heat  evolved 
after  the  rupture  of  the  stressed  molecules;  U)  energy 
expended  directly  on  rupture  of  molecules  (36)  . 


3.  Experimental  Studies  of  Meclinnocficmicnl  Degiatlalion 

3.1  Introduction 

Ihc  action  of  an  applied  uniaxial  tension  on  a  covalent  bond  R-R  results  in  a  decreased  binding 
energy  of  the  chemical  bond  and  therefore  the  probability  for  bond  scission  increases.  If  the  applied  load 
is  large,  a  covalent  bond  rupture  would  certainly  occur  generally  in  a  homolytic  manner;  this  being  the 
energetically  favored  mode.  Zhurkov,  ct  al.  (7),  using  HSR,  observed  such  a  homolytic  bond  scission  in 
nylon  fibers  stretched  to  failure.  This  led  Zhurkov  (7)  to  propose  a  stress-aided  dicrmo-fluctuation 
mechanism  of  fracture  based  on  Tobolsky-Hyring  (38)  type  kinetic  rate  processes.  Zhurkov  postulated 
that  fracture  accompanied  by  bond  scission  can  be  broken  down  into  three  phases: 

(1).  recitation  of  the  bonds  being  broken  (2).  Breakage  of  excited  bonds  by  thermal  fluctuations 
(3).  Accumulation  of  ruptured  bonds  resulting  in  the  loss  of  stability  in  the  body  with  its  eventual 
breakdown. 

Hie  studies  towards  formulating  a  correlation  mentioned  in  the  last  statement  has  been  an  active 
area  for  research  ever  since. 

Verma  (39),  Bccht  and  Hischcr  (40)  demonstrated  that  die  observed  free  radicals  arc  formed  in  the 

amorphous  regions  of  die  fibrous  material.  The  amount  of  bond  rupture  as  observed  by  HSR  (12)  is  of 

the  order  of  5  x  10^/cm^  for  die  nylon  fibers.  Considering  a  chain  of  20A°^  cross-section,  there  are  5  x 

It)***  molecular  chains  crossing  a  cm^  of  the  cross-sectional  area.  Therefore  the  number  of  scissions 
> 

generated  by  a  planar  crack  is  much  smaller  than  die  observed  number  detected  by  HSR.  This  implies 

I 

that  a  global  bond  scission  occurs  throughout  the  volume  of  die  fibrous  material.  This  has  been 
experimentally  verified  by  Crist  (13)  who  determined  the  bond  scission/cm^  for  different  portions  along 
the  length  of  a  fractured  liber  using  viscosity  average  molecular  weights  and  found  it  to  be  uniformly 


same  all  along  the  fractured  fiber.  It  is  generally  believed  that  die  crystallites  in  the  fibrous  morphology 
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act  as  crack  stoppers  and  extensive  hydrogen  bonding  in  polyamides  inhibits  interchain  separation, 
forcing  the  crack  to  pass  through  relatively  weak  tic  chain  regions  and  cause  covalent  bond  scission.  In 
other  materials  such  as  polyethylene  where  intcrmolccular  forces  arc  weaker,  die  crack  propagation  is 
easier  along  the  fiber  direction  and  fewer  tic  molecules  are  expected  to  break.  This  has  been  observed 
experimentally.  A  postulated  crack  propagation  mechanism  is  schematically  shown  in  Figure  8. 

Hie  observed  free  radical  concentration  of  5  x  10 1  /cur  in  nylon  6  represents  2.5  x  10  /cm.  of 
ruptured  tic  molecules.  This  is  only  0.25  -  0.50  %  of  the  1*10^®  -  5  x  10^/cm^  of  the  tic  molecules 
estimated  to  be  present  in  nylon  6.  Therefore,  in  spite  of  the  global  nature  of  the  bond  scission  process,  as 
large  as  99.5  %  of  the  tic  molecules  are  unaffected  by  macroscopic  fracture.  Prevorsek  has  shown  that  the 
strength  of  die  two  segments  of  die  fractured  specimen  arc  the  same  as  of  die  original  specimen.  This 
will  be  discussed  further  in  a  later  section. 

The  nylon  6  fibers  used  for  HSR  and  other  studies  arc  die  same  as  used  earlier  by 
Roy  lance- DeVries,  IJoyd-DeVrics  and  Park-DcVrics  at  the  University  of  Utah.  These  fibers,  supplied 
by  Allied  Chemical  Company,  were  produced  in  a  melt  spun,  hot  draw  process  and  were  highly  oriented 
as  received.  Their  commercial  application  would  have  been  for  use  as  high-strength  tire  yarn.  Hie  nylon 
6  used  hail  a  single  filament  diameter  of  0.01 118  inch  with  136  filaments  plied  together  in  each  yarn.  The 
density  of  these  fibers  were  determined  by  a  density  gradient  column  as  1.139  gm./ml.  Crystallinity  of 
37.5  %  was  obtained  using  crystalline  and  amorphous  density  of  1.230  gm./ml.  and  1.084  gm./ml. 
respectively.  Crystallinity  of  50  %,  from  X-ray  diffraction,  was  obtained  by  Park.  A  differential  scanning 
calorimetry  analysis  (DSC)  indicated  a  melting  temperature  of  496°K  for  the  fibers.  Park  (41)  had 
determined  a  long  period  of  approximately  97  A0  from  small  angle  X-ray  scattering  data.  Also, 
’processing  temperature’  of  I55°C  was  obtained  by  plotting  long  period,  density,  shrinkage  and 
orientation  angle  as  a  function  of  annealing  temperature,  lhcsc  parameters  showed  an  abrupt  change  at 
155°C. 
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Nylon  properties  can  he  significantly  affected  by  moisture:  preliminary  investigations  suggested  a 
decrease  in  the  mass  of  fiber  specimens  by  l  to  2  %  upon  dcssicating  for  a  minimum  of  7  days.  All  the 
nylon  specimens  for  die  analyses  in  diis  study  were  dcssicatcd  for  at  least  seven  days. 

A  tensile  specimen  of  nylon  6  fibers  for  obtaining  fractured  material  and  die  stress-strain  response 
was  prepared  by  winding  die  liber  yarn  on  a  solid  bar  to  die  desired  number  of  yarn  strands.  The  ends  of 
fiber  yarn  were  tied,  die  yarn  removed  from  the  bar,  tied  at  four  places  and  bonded  between  the  tics  with 
epoxy  as  shown  in  Figure  10.  After  die  epoxy  had  cured,  a  pre-determined  number  (eight  out  of  initial 
twenty)  of  strands  were  cut  and  removed  from  die  center  portion  of  the  specimen.  Such  a  tensile 
specimen  behaves  essentially  like  a  notched  solid  tensile  bar.  The  specimen  so  prepared  was  again 
dcssicatcd  for  seven  days  and  thereafter  fractured  on  the  instron  testing  machine  at  an  extension  rate  of 
0.127  cms.  (0.05")  per  minute.  This  corresponds  to  an  engineering  strain  rate,  for  a  specimen  of  10  cms. 
length,  of  1.3  %  per  minute.  The  stress-strain  (41)  curve  is  shown  in  Figure  11. 
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3.2  KSR  Studies 


Klectron  Spin  Resonance  (l-SR)  has  been  extensively  used  to  study  mechanical  fracture  in  nylon  6 
fibers  and  other  materials  by  Zhurkov  (42)  at  the  Ioffe  Physical  Testing  Center,  DeVries  (43)  at  the 
University  of  Utah  and  at  a  few  other  places.  F.SR,  a  very  sensitive  technique  for  the  study  of  free 
radicals,  has  a  major  shortcoming  regarding  the  count  of  free  radicals  observed  versus  the  actual  number 
of  bond  scissions  incurred  upon  fracture.  The  F.SR  count  of  bond  scissions  is  suspect  on  two  grounds: 

First,  the  free  radicals  decay  with  time.  Therefore,  the  number  of  free  radicals  observed  at  any  time 
is  the  number  produced  during  the  original  scission  event  minus  the  number  that  has  decayed  since.  The 
decay  kinetics  of  free  radicals  have  been  used  to  obtain  the  actual  number  of  scissions  incurred  (44)  on 
fracture.  The  decay  kinetics  have  been  studied  here  to  understand  the  nature  of  decay  characteristics  and 
obtain  an  activation  energy  for  the  decay  process. 

Second,  the  free  radicals  may  undergo  secondary  radical  reactions,  as  proposed  by  Zakrcvskii  (24a, 
24b).  to  produce  as  many  as  a  few  hundred  bond  scissions  without  any  increase  in  the  radical 
concentration.  These  results  arc  further  discussed  in  the  next  two  sections  on  Infra-red  and  GPC  studies. 

Free  Radical  Kinetics:  The  secondary  free  radicals  of  nylon  6,  for  which  die  HSR  spectrum  is  shown 
in  Figure  12,  arc  obtained  according  to  a  mechanism  proposed  by  Zakrcvskii  and  others  (46).  The 
observed  F.SR  spectrum  at  room  temperature  has  been  interpreted  to  result  from  two  secondary  free 
radicals:  (I)  Cl  l2  -  CO  -  Nil  -  CM  -  CH2  and  (II)  -C»2  *  CHO  -  NH  -  CHj  -.  Radical  II  is  less  stable  at 
higher  temperatures  as  evidenced  by  comparing  the  spectra  in  Figures  12,  13,  14,  and  15  which  show  a 
relatively  decreasing  intensity  of  (he  inner  peak  at  higher  temperatures.  Ilic  kinetics  of  free  radical  (I) 
have  been  investigated  here. 

The  lice  radical  decay  may  be  a  second  or  first  order  process  governed  as  to  whether  recombination 
of  free  radicals  or  reaction  with  the  environment  is  the  primary  mode  of  transformation.  Nylon  6 
secondary  radicals  are  observed  to  decay  according  to  a  first  order  rale  process. 


40 


The  concentration  of  free  radicals  is  a  double  integral  of  the  area  under  the  HSR  spectrum.  A  direct 
correlation  exists  between  die  concentration  of  free  radicals  and  the  peak  height  of  the  spectrum  as 
shown  in  Figure  16.  The  rate  of  change  of  free  radical  concentration  for  a  first  order  rate  process  is 

dN/dT  =  -KN  (10) 

i.e.,  logcN(t)  =  logeN0  -  Kt  (11) 

and,  t  =  1/K  (12) 

where  T  is  the  average  lifetime  of  the  free  radical. 

According  to  the  dtcory  of  absolute  reaction  rate, 

T=t0cxp(U0/RT)(I3) 
i.c.,logcT  =  logcT0  +  U0/RT(14) 

where  U0  is  the  activation  energy  for  the  free  radical  decay  mechanism. 

liquation  (11)  provides  K,  the  slope  of  a  plot  of  logc  N(l)  against  time  t  from  Figure  17.  K  is 
evaluated  at  temperatures  of  298°K  and  2(»9°K.  Using  equation  (14).  from  die  slope  of  the  curve  for 
logcT  against  1/T,  the  activation  energy  ’U0’  of  1 1  kcal/molc  is  obtained,  litis  is  obtained  from  die  data 
available  at  two  temperatures  only,  so  some  error  in  the  value  obtained  is  possible;  but  ’U0’  of  11 
kcal/molc  is  in  the  range  of  activation  energy  values  generally  observed  for  a  diffusion-controlled 
process. 

A  half-life  of  260  and  33  minutes  is  observed  for  the  free  radical  I  at  temperatures  of  269°K  and 
298°K.  respectively. 
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Figure  12  :  ESR  spectra  of  irradiated  nylon  6  fibers 
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3.3  Infrared  Spectroscopy  of  Nylon  6  and  Polyethylene 

The  scission  of  molecular  chains  leads  to  free  radicals  and  eventually  free  radicals  upon  decay  form 
new  stable  molecules. 

One  of  the  possible  mechanisms  for  free  radical  decay  is  suggested  below. 

SECONDARY  RADICAL  REACTIONS 
SCISSION 


'^'CO-NH-CH2fCH2-CH2-  -*  ^I2C*  + 

•ch2 - 

AliS TRACTION  FROM  ADJOINING  CHAIN 

'•~H2C*  -''■'CH^ 

) 

v~~HCH'- —  ^H2C-CH-H2C~ - - 

DISPROPORTIONATION  -  NHW  SCISSION 

— ^-h2c-cii-h2c —  -*■  — hc=ii2c  +*CII2 - 

Ihc  new  end  groups  formed  arc  mostly  of  the  type:  methyl,  vinyl,  aldehyde,  carboxyl,  ester,  etc. 
'These  end  groups  generally  have  characteristic  IK  bands.  Therefore  an  increase  in  the  intensity  of  any  of 
dicse  bands  or  the  formation  of  a  new  band  may  be  detected  provided  Ihc  concentration  of  die  newly 
formed  end  groups  is  large. 

Assuming  one-to-one  correspondence  between  the  free  radicals  and  the  resulting  end  groups 

1 7 

formed,  a  concentration  of  5  x  10  /gm.  is  expected  upon  fracture  in  nylon  6.  No  new  band  in  the  IR 
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spectrum  of  fractured  nylon  6  of  Figure  19  specimen  is  observed,  thereby  implying  that  die  end  groups 
formed  arc  similar  to  some  of  die  existing  end  groups.  One  of  die  bands  at  wave  number  886  cm"^  in 
nylon  6  spectrum  has  been  assigned  to  vinyl  type  of  unsaturated  end  groups. 

Nylon  6  has  number  average  molecular  weight  of  approximately  30,000;  die  number  of  end  groups 

in  such  a  specimen  will  be  4  x  10^/gm.  of  die  material.  Considering  for  a  moment  dial  all  die  end 

17 

groups  present  originally  arc  of  the  same  type  and  that  bond  rupture  produces  5  x  10  /gm.  of  new  end 
groups  of  the  same  kind,  the  increase  in  intensity  of  the  IR  band  for  this  end  group  will  be  approximately 
1  %.  ’llic  small  change  may  be  detected  if  a  different  spectrum  between  fractured  and  virgin  specimen 
can  be  obtained;  this  calls  for  availability  of  an  internal  standard  of  intensity  calibration,  which  is  not 
available  for  nylon  6.  Qualitative  comparison  of  the  intensities  of  the  spectra  in  Figures  18  and  19  docs 
indicate  a  small  increase  in  die  intensities  of  IR  bands  at  wavenumbers  of  845  and  885  em'k  A 
quantitative  evaluation  of  die  change  is  not  possible  due  to  lack  of  absorption  coefficients  for  these  bands 
and  die  absence  of  an  internal  intensity  standard  in  the  IR  spectra  of  nylon  6. 

'finis  it  can  be  stated  diat  die  new  end  groups  arc  formed  upon  fracture  of  nylon  6  fibers  in  uniaxial 
tension  but  their  concentration  is  small.  IR  spectra  have  also  been  obtained  after  irradiating  die  nylon  6 
fibers  using  electron  radiation  at  2.5  Mrad  doze  or  grinding  them  in  a  vibration  mill  type  of  arrangement. 
These  two  processes  have  been  observed  to  produce  similar  kind  of  free  radicals  (47, 48)  as  in  mechanical 
failure,  but  at  a  much  higher  concentration.  A  qualitative  comparison  of  die  IR  spectra  of  virgin, 
fractured,  irradiated  and  ground  nylon  6  specimens  of  Figures  18,  19,  20  and  21  respectively  does  show 
formation  of  new  bands  or  increase  in  the  intensity  of  some  of  die  IR  bands.  In  Table  1  die  IR  hands  of 
virgin  nylon  6  arc  assigned  for  various  modes  of  vibrations.  Table  2  and  3  indicate  the  changes  observed 
in  the  IR  bands  upon  irradiation  and  grinding  of  nylon  6  fibers. 
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Figure  19  :  ir  spectra  of  fractured  nylon  6  fibers. 


Figure  20  :  IR  spectra  of  grinded  nylon  6  fibers 


IR  spectra  of  irradiated  nylon  6  fibers. 


800  cm 


Wave  Number 

Characteristics 

Assignment 

3300 

S ,  broad 

N-H  stretch 

3185 

sh 

3070 

W,  broad 

free  N-H  stretch  (also  could 
be  due  to  unsaturation) 

2965 

sh 

assym.  CH^  stretching  (PE) 

2935 

S 

assym.  CH2  stretching 

2900 

sh 

symm.  CH3  stretching  (PE) 

2867 

M 

symm.  CH2  stretching  or  sum 

CH-j  stretching 

2850 

sh 

sym.  stretching  in  methylene 

1655 

sh 

1640 

S 

amide  I  -  -c=0  stretching 

1545 

S 

amide  II,  NH  def. 

1478 

W 

1464 

W 

CH2  bending  (PE) 

1417 

W 

1375 

M  &  broad 

Ch  def. ,  CH2  twisting-  Also  sym. 

1335 

WW  sh 

def.  of  methyl  groups 

1285 

W 

def.  of  methylene  groups 

1262 

M 

1215 

W 

1202 

W 

1179 

M  &  Broad 

skeletal  motion  inv.  C0NH  group 

1125 

sh  broad 

1103 

M 

1025 

W  broad 

CONH  in  plane? 

950-970 

VW 

CONH  in  plane 

928 

VW 

CONH  in  plane  vibs. 

890 

CH^  rocking 

888 

rr'c-ch2 

908 

RCH-CH?  (PE) 

Note:  S  strong  W  weak  VW  very  weak,  sh  shoulder  M  medium 


WW  very,  very  weak 


Table  2 


Changes  in  nylon  6  bands  on  irradiation 


Wave  Number  Com  ) 


3190 


2900 


2750 

2645 

1464  & 
1478 


1335 

1215  & 
1262 

1215  & 
1202 

1179 

1135 


1075 

1025 


Remarks 


shoulder  more  pronounced. 


shoulder  more  pronounced. 


relative  increase  in  the  intensity 
of  1478  band . 


relative  increase  in  the  intensity 
of  1285  band. 

relative  increase  in  the  intensity 
of  1215  band. 

increased  intensity. 

a  band  in  place  of  the  shoulder 
is  observed. 

shoulder  changes  to  a  weak  band, 
band  is  sharper. 

considerable  increase  in  the  inten¬ 
sity  of  the  band. 

considerable  increase  in  the  inten¬ 
sity  of  the  band. 


Table  3. 


Changes  in  Nylon  6  Bands  on  Grinding 


Wave  Number  (cm  1) 


Remarks 


3190 

2900 

2820 

2750 

2645 

1735 

1464  &  1478 

1375 

1335 

1285  &  1262 

1215  &  1202 

1179 

1135 

1025 

893 

849 


shoulder  in  fractured  nylon  is  more  pro¬ 
nounced 

slight  increase  in  intensity 
new  development  of  a  shoulder 
increase  in  intensity  of  the  shoulder 
new  shoulder  development 

change  in  relative  intensity  of  bands 
increase  in  intensity  of  1478 

intensity  of  1375  band  (?) 

disappearance  of  shoulder 

increase  in  intensity  of  1285  band  relative 
to  1261 

increase  in  relative  intensity  of  1215  band 
seems  the  intensity  has  increased 
a  band  is  seen  in  place  of  a  shoulder 
band  is  much  sharper 
intensity  of  band  has  increased 
intensity  of  band  has  increased 
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Similar  experiments  were  performed  to  observe  the  accumulation  of  end  groups  on  fracture  of 
drawn  PH  films.  IR  bands  at  wavenumbers  of  1303  cm ’*  and  1894  cm  *  due  to  -Cl^-  vibrations  in 
amorphous  (49)  and  crystalline  phase  respectively  have  been  used  as  internal  intensity  standard.  PH  used 
has  a  number  average  molecular  weight  of  20,000  and  weight  average  molecular  weight  of  80,000.  This 
corresponds  to  approximately  3  x  10*^  end  groups  per  grant  of  PH  material.  If  a  bond  scission  of 

1  O  T 

approximately  9.9  x  10  /cm  ,  as  proposed  by  Zhurkov,  Zakrevskii  (24a,  24b)  were  to  take  place,  the 
intensity  of  IR  bands  corresponding  to  various  end  groups  will  increase  by  30  %.  Such  a  change  in  the 
intensity  should  be  easily  observable,  but  the  experiments  performed  by  the  author  here  to  obtain  the 
difference  spectrum  between  fractured  and  drawn  PH  films,  using  both  1303  cm  *  or  1894  cm’*  bands  as 
internal  standards,  failed  to  indicate  any  changes  in  the  end  group  concentration.  Similar  observations 
have  been  made  by  DeVries  (50)  at  the  University  of  Utah. 

Assuming  that  a  1  %  change  in  the  intensity  of  IR  bands  due  to  end  groups  is  the  minimum 
detectable  limit  for  the  IR  technique,  these  negative  results  would  mean  that  the  number  of  end  groups 
formed  on  fracture  in  PH.  is  less  than  3  x  10  /gin.  Therefore,  a  secondary  radical  reaction  as  proposed 
by  Zhurkov  and  Zakrevskii  (24a,  24b),  leading  to  the  formation  of  the  submicroscopic  cracks  is  not 
feasible,  since  it  requires  that  each  free  radical  must  rupture  4000  or  so  additional  covalent  bonds  before 
it  decays. 

A  comparison  of  the  vinyl  end  groups  (R-Ci  1  --  C~l  f  2>  intensities  of  undrawn  and  drawn  (draw  ratio 
-  15)  was  performed  and  the  results  arc  shown  in  Table  4.  I  he  intensity  of  the  vinyl  end  group  showed 
an  increase  in  concentration  of  the  order  of  3  %,  which  corresponds  to  approximately  9  x  10*^  scissions 
per  gram  occuring  in  the  draw  process.  These  results  lend  support  to  I -lory's  (51)  suggestion  leg.ndmg 
bond  scission  accompanying  drawing  of  the  semicry  stalliue  polymer  lamella. 
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3.4  Gel  Permeation  Chromatography 


3.4.1  Introduction 

A  major  effort  of  this  study  as  stated  in  the  thesis  proposal,  was  to  be  devoted  to  monitoring  the 
effects  of  fracture  on  molecular  weight  distribution  (MWD)  using  Gel  Permeation  Chromatography 
(GPC).  Fracture,  being  a  criticality  phenomenon,  is  determined  by  the  largest  flaw  present  in  the 
material  and  generally  affects  the  material  in  a  local  region  near  the  fracture  surface  without  affecting  in 
any  significant  manner  the  overall  state  of  the  material.  An  exception  to  this  behavior  is  the  fracture  in  a 
highly  drawn  fibrous  morphology.  As  a  result,  the  expected  change  in  MWD  for  most  materials  will  be 
insignificantly  small  to  be  observed  by  GPC,  but  a  repeated  fracture  or  extensive  crazing  (cracking)  of  the 
material  by  some  means  might  produce  a  detectable  shift  in  MWD. 

Nylon  6  fibers,  where  a  significant  bond  scission  has  been  reported  from  HSR  studies,  was  the  major 
case  for  the  investigation  of  MWDs.  This  being  the  first  reported  study  of  die  kind  investigating  the 
fracture  in  nylon  fibers  using  GPC,  a  major  effort  has  gone  into  developing  the  details  of  the  technique. 
Furthermore,  it  was  also  shown  during  preliminary  work  that  a  change  in  MWD  in  glassy  polymers  like 
polystyrene  can  be  observed,  provided  an  extensive  damage  is  done  by  producing  a  high  craze  (crack) 
density.  The  polystyrene  work  is  presented  in  the  ’Preliminary  Work’  subsection. 

3.4.2  Principles  of  GPC 

Gel  Permeation,  or  size  separation,  is  a  form  of  liquid  chromatography  in  which  the  solute 
molecules  arc  separated  as  a  result  of  their  permeation  into  a  solvent-filled  matrix  in  the  column  packing, 
l  arge  molecules  may  be  excluded  from  some  or  all  of  the  porous  matrices  of  the  packing  by  virtue  of 
their  physical  size.  They  elute  from  the  column  before  smaller  molecules  which  have  the  opportunity  to 


any  other  system  of  columns,  there  arc  experimentally  determined  size  limits  between  which  the 
separation  occurs.  Those  molecules  with  molecular  size  equal  to  or  larger  than  the  largest  pore  size  will 
elute  at  the  same  point,  known  as  the  Void  Volume  VQ  in  GPC.  Also,  there  exists  a  point  of  total 
permeation,  i.e.,  a  volume  where  all  molecules  of  a  given  size  and  smaller  will  elute  at  exactly  the  same 
place.  Ibis  is  known  as  the  total  permeation  volume  or  Vt.  The  difference  between  VQ  and  Vt  is  called 
Vj,  the  interstitial  distance  volume,  and  is  the  volume  where  separation  Lakes  place.  For  a  given  set  of 
columns  VQ  and  Vt  are  fixed  quantities;  therefore,  the  total  volume,  and  the  hence  the  total  time 
required  for  an  analysis  arc  fixed.  The  separation  process,  V  ,  Vj,  and  V,  arc  depicted  in  Figure  22. 
Figure  23  is  a  schematic  diagram  of  the  GPC  instrument 


3.4.3  Preliminary  Work 


Fracture  in  glassy  polymers  is  believed  to  occur  through  secondary  bond  rupture  such  as  sliding  of 
molecules  past  each  other.  The  role  of  primary  covalent  bond  has  never  been  too  clear  and  only  a  small 
amount  of  bond  scission,  if  any,  is  expected. 

A  high  density  of  cracks  in  a  thin  polystyrene  specimen  was  obtained  by  bending  it  back  and  forth. 
The  virgin  and  highly  crazed  (cracked)  specimens  and  polystyrene  standards  of  narrow  molecular  weight 
distribution  (S3  /Mn  <  1.1)  dissolved  in  chloroform  to  prepare  approximately  0.125  %  concentration 
solution  for  GPC  analysis.  GI*C  analysis  of  polystyrene  standards  is  performed  and  the  elution  volumes 
plotted  against  the  molecular  weights  to  obtain  a  calibration  curve  for  polystyrene  as  shown  in  Figure  24. 
(More  details  of  calibration  procedures  are  discussed  in  Appendix  IV.) 

Nine  molecular  weight  distributions  (MWI)s)  for  the  virgin  and  crazed  (cracked)  polystyrene 
specimens  are  obtained  and  the  data  stored  in  digital  form  on  the  computer.  I’hcse  data  arc  then  used  to 
obtain  the  number  and  weight  average  molecular  weights  as  shown  in  Table  5  for  the  virgin  and 
fractured  specimen.  Also,  averaged  virgin  and  crazed  MWDs  from  these  data  arc  obtained  and  plotted  in 
Figure  25. 

Figure  25  clearly  shows  that  MWI)  shifts  towards  lower  values  on  fracture.  Number  and  weight 
average  molecular  weight  data  in  Table  5  are  further  analyzed  for  changes  according  to  median  rank 
plotting  in  Figures  26  and  27.  Median  rank  plotting  t-statislics  procedures  are  described  in  Appendix  V. 

Furthermore,  a  t-siatistic  lest  of  die  Mw  and  Vlu  values  of  Table  5  indicated  that  one  can  state  with 
95  %  confidence  that  IVF  has  decreased  upon  crazing  and  failure.  A  similar  statement  for  is  not 
possible  due  to  die  higher  scatter  in  die  measurements. 

'I  hese  observations  can  only  be  explained  on  the  basis  of  covalent  bond  rupture  of  higher  molecular 
weight  (longer)  molecules  which  will  affect  much  more  strongly  than  KI|V  Some  error  in  the 
determination  of  M„  may  also  have  resulted  from  the  presence  of  a  low  molecular  weight  component 
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T 


(sonic  kind  of  processing  aid  in  die  specimen  and  not  part  of  die  MWI)  shown).  This  docs  interfere  with 
a  precise  measurement  of  die  concentration  for  low  molecular  weight  part  of  die  distribution,  which  will 
have  strong  influence  on  die  calculated  \?n. 
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Figure  24  :  GPC  calibration  curve  for  po] 
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Concentration  (gm. 


Figure  25  :  Averaged  molecular  weight  distribution  (MWD)  of  virgin 
and  crazed  (fractured)  polystyrene  at  25°C. 


Note  :  Total  concentration  for  each  of  the  MWD  is  1.0  am. 


.ATIVE  PERCENTAGE 


3.4.4  GPC  of  Nylon  6  Fibers 


The  nylon  6  specimens  used  for  GPC  analysis  arc  virgin  and  fractured  nylon  6  fibers.  The  fractured 
specimen  is  obtained  by  breaking,  a  tensile  nylon  6  fiber  specimen  of  the  kind  in  Figure  10,  in  a  uniaxial 
tension  mode.  Hexafluoro  iso-propanol  is  the  only  solvent  for  nylon  6  at  room  temperature  and  which  is 
also  compatible  with  w-styragcl  GPC  columns,  but  nylon  6  exhibits  a  polyelcctrolytc  behavior  for  dilute 
solutions  in  HFIP.  Such  a  behavior  has  to  be  suppressed  for  a  meaningful  analysis  of  the  MWD  from 
GPC.  This  is  done  through  the  use  of  a  0.1  molar  solution  of  sodium  trifluoroacctatc  in  HFIP  as  the 
mobile  phase  replacing  pure  HFIP.  This  mobile  phase  will  be  called  as  ’S-HF1P’  for  future  reference. 
The  nature  of  polyelcctrolytc  behavior,  its  effect  on  size  separation  by  GPC  and  suppression  of 
polyelcctrolytc  effect  through  the  use  of  S-HF1P,  and  other  data  arc  presented  in  much  greater  detail  in 
Appendix  VI. 

'flic  calibration  curve  of  Figure  24  for  narrow  (Mw/Mn  <  1.1)  polystyrene  standards  cannot  be  used 
to  obtain  MWD  of  nylon  specimens.  Narrow  molecular  weight  standards  for  nylon  arc  not  available  and 
neither  are  polystyrene  standards  soluble  in  S-l  11‘IP  for  getting  a  universal  calibration  curve.  In  absence 
of  these  commonly  used  means  of  calibration,  a  third  approach  in  which  known  number  and  weight 
average  molecular  weight  of  a  broad  nylon  6  specimen  arc  used  to  fit  a  linear  calibration  curve  is  adopted 
here.  This  and  other  calibration  procedures  arc  described  in  detail  in  Appendix  IV. 

The  shift  in  the  MWD  upon  fracture  in  nylon  6  is  expected  to  be  small,  similar  to  the  polystyrene 
behavior;  therefore,  repeated  analysis  of  the  same  specimen  were  performed.  In  this  ease  six  MWDs  for 
each  of  the  virgin  and  fractured  nylon  6  specimens  arc  obtained.  The  data  are  then  analyzed  in  the  same 
manner  as  of  polystyrene  described  in  the  previous  section.  Averaged  MWDs  of  virgin  and  fractured 
nylon  6  specimens  arc  plotted  together  in  Figure  28  for  comparison.  The  number,  weight  average 
molecular  weights  and  polydispersity  for  virgin  and  fractured  MWDs  arc  tabulated  in  Table  6.  These  arc 
plotted  according  to  median  rank  plotting  in  Figures  29,  30  and  31.  The  plots  of  Figures  28,  29  and  30 


clearly  show  the  decrease  in  molecular  weight  averages  and  the  shift  in  MWD  towards  lower  molecular 

weights  on  fracture.  The  rupture  of  large  molecules  on  fracture  suggests  that  the  decrease  in  weight 

average  molecular  weight  fL  will  be  greater  than  the  decrease  in  number  average  molecular  weight  KL. 

Therefore,  polydispersity  -  \?w/$n  will  also  decrease  on  fracture.  The  changes  in  and  Rn  being 

small,  a  large  shift  in  polydispersity  is  not  expected  as  is  also  evident  from  Figure  31.  Figure  33  plots  the 

difference  between  averaged  MWDs  of  virgin  and  fractured  specimens  of  Figure  28  and  shows  that  the 

molecules  belonging  to  higher  molecular  weight  component  rupture  during  fracture.  This  presents  a 

positive  proof  of  the  assumption  made  in  calculating  the  amount  of  bond  rupture  from  decrease  in 

viscosity  average  molecular  weight  by  Crist  (13),  and  Becltt  and  Fischer  (40). 

Figure  32  shows  the  number  and  weight  average  molecular  weights  for  the  averaged  virgin  and 

fractured  chromatograms  of  Figure  28.  It  shows  that  the  an  approximate  number  for  bond  scission  per 
1  X 

gram  (13^)  is  2.8*10  .  A  more  accurate  number  for  Pgpc  is  obtained  from  a  calculation  of  the  number 
of  molecules  per  gram  in  virgin  and  fractured  specimens  as  shown  next. 

Figures  33  and  34  arc  obtained,  according  to  the  following  equation,  from  average  MWD  of  virgin 
and  fractured  specimens  and  present  N(i),  the  number  of  molecules  per  gram  of  nylon  6  versus  molecular 
weights  MWDs  of  virgin  and  fractured  specimens. 

N(i)  =  |w(i)*  6.023*  1023J/MW(i)  (15) 

where  w(i)  is  the  concentration  of  molecular  weight  MW(i)  in  one  gram  of  nylon  6.  The  total 

number  of  molecules  per  grain  for  virgin  and  fractured  nylon  6  fibers  arc  calculated  to  be  19.8  x  10^  and 

22.4  x  10,  respectively.  Thus  the  number  of  chains  scissions  per  gram  (ft  )  in  nylon  6  is  2.6  x  10  0  per 

©I** 

T  ,  IQ 

gram.  Considering  the  density  of  1.14  per  gram,  this  will  give  bond  scission  per  cm  (P  )  of  2.3  x  10 

cl'* 

for  nylon  6. 
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Figure  28  :  Averaged  molecular  weight  distribution  (MWd)  of  virgin 
and  fractured  nylon  6  fibers. 
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Total  concentraion  for  each  MWD  is  1.0  gm 


Number  Average  Molecular  Weight  Average  Molecular  Polydispersity 

Weight  Weight 


Cumulative  Percentage 


Figure  31  :  Median  rank  plot  for  polydispersity. 


Figure  32  :  Calculation  of  the  number  of  molecules  ruptured  per  gram  of  nylon 
fibers  on  fracture. 
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Number  of  molecules  per  gram 


Figure  33  :  Distribution  of 
fractured  nylon 
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Change  in  concentration  (gms.) 
gm.  of  nylon  6  fiber  on  fracture 


Figure  34  :  Difference 


Change  in  number  of 
of  nylon  6  fibers 
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Figure  35 
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Difference  distribution  * 

Number  of  molecules/gm.  in  fractured  nylon  6 
fibers  —  Number  of  molecules/gm.  in  virgin 
nylon  6  fibers. 
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4.  Analysis  of  Tie  Chain  Scission 


4.1  Model  for  l  ie  Chain  length  Distribution 

The  microstructurc  of  highly  drawn  polymers,  different  in  details  from  one  polymer  to  another, 
consists  essentially  of  alternating  crystalline  and  amorphous  regions.  Tire  amorphous  regions  consist  of 
chain  loops  or  folds  at  the  interphase  between  crystalline  and  amorphous  block,  tie  chains  bridging  the 
amorphous  region  connect  adjacent  crystalline  blocks,  chain  ends  and  cilia.  The  tic  molecules  have 
different  lengths  which  is  a  factor  determining  lire  mechanical  properties  of  these  materials.  The  tie 
molecules  in  die  amorphous  regions  (15,  52)  bear  the  load  and  as  a  result  rupture  under  stress. 

A  model  to  obtain  die  density  distribution  function  for  tie  chain  lengths  has  been  developed.  The 
model  calculations  arc  performed  for  a  basic  element  of  semi-crystalline  polymer  consisting  of  two 
crystalline  blocks  and  an  amorphous  region  separating  them,  as  shown  in  Figure  36.  As  an 
approximation,  die  real  polymer  chain  is  replaced  by  an  equivalent  model  chain  on  a  cubic  lattice,  ihe 
free  energy  F  of  die  element  under  consideration  consists  of  die  energy  contribution  from  crystalline 
blocks,  the  amorphous  regions,  and  die  interfacial  zone  between  them.  The  energy  F  is  given  as 

F  -  {M  -IvtfN}  Fc°  +IvNF,  (N)  +  kTEvNlogc(yv)  +  2vY+  Y"  (16) 
where 

M  :  Total  number  of  model  chain  units  present  in  the  element. 

N  ;  Number  of  tie  chains  of  N  units. 

Irc°  :  Free  energy  per  unit  of  die  chain  in  the  crystalline  block. 

I'l  (N):  Fnergy  of  a  tie  chain  of  N  units. 

v :  Total  number  of  tie  chains  present  in  an  amorphous  l  egions. 

Y :  Surface  energy  per  lie  chain  coming  olT  the  crystal  surface. 
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Y  :  Total  surface  energy  of  chain  folds  or  loop. 


The  first  term  in  equation  (16)  is  the  energy  of  crystalline  blocks,  the  second  term  energy  of  tie 
chains  and  third  the  configurational  energy  of  die  tic  chains,  and  die  last  two  terms  are  the  surface  energy 
of  die  interfacial  zone. 
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Figure  36  :  A  typical  crystalline  and  amorphous  region 
of  the  fibrous  structure. 


Figure  37  :  Schematic  drawing  of  a  tie  chain  and  the 
interfacial  zone  in  an  amorphous  region. 


Figure  38  :  A  representatice  chain  configuration  not  allowed 
in  the  amorphous  region  of  a  semi-crystalline 
polymer. 


* 


Figure  39  s  .  Three-dimensional  view  of 
of  alternating  crystalline 
and  amorphous  blocks  in 
the  fibrous  structure. 


Face  B 


lhc  tic  chain  length  distribution  is  obtained  from  the  consideration  that  free  energy  F  is  minimum 
subject  to  the  condition  that 

v  =  2%)^=  constant  (17) 

Therefore,  the  equation  to  be  solved  using  Lagrange  multipliers  is: 

<5F  =  0  (18) 

subject  to  tl\c  condition 

«V-6EVN=  0  (19) 

Solving  these,  one  obtains 

C(N)  — \^j/v  =  exp  {-AF,  (N)/kT}/  gexp  {-AF,  (N)/kT)  (20) 

where  AF,(N)  =  FL(N)  -  Nl-'c°  (21) 

free  energy  Ah  j  (N)  consists  of  an  enthalpy  and  an  entropy  term. 

Al  j  (N)  =  All,  (N)  -  TAS,  (N)  (22) 

Fmlialgy  Term:  The  enthalpy  term  All,  (N)  is  the  enthalpy  of  melting  N  crystalline  units  and  a 
teim  due  to  chains  in  the  interfacial  zone  (5.1,  27),  which  have  both  transand  gauche  conformations, 
'therefore, 

All,  (N)  =  N<AI10>  -hTllN)  (23) 

where  <  A 1  !()>  is  the  melt  enthalpy  per  unit  of  the  model  chain  in  the  crystalline  phase. 

It  is  expected  that  the  chains  emerging  from  crystal  blocks  as  tie  chains  will  be  somewhat  more 
constiaincd  in  (he  inlerfacial  /one  than  in  a  perfectly  amorphous  state  (and  will  probably  have  more  trails 


conformations  than  in  the  melt  or  amorphous  state).  As  a  simplification  procedure,  we  assume  that  all 


die  tic  chain  constraints  arc  confined  to  a  small  interfacial  zone  as  shown  in  the  Figure  37.  It  is  also 
assumed  that  the  inter facial  energy  Y^t^is  independent  of  the  length  of  the  tic  chain;  in  other  words, 
Y°(N)  =  Y. 


Therefore, 

AHL(N)  =  N<AH0>  +  Y  (24) 

Fntropv  Term:  S|  (N),  the  entropy,  for  a  chain  of  length  L  and  number  of  units  N,  forming  a  tie 
molecule  is  different  from  a  chain  of  N  units  in  the  melt,  since  the  ends  of  the  chains  arc  fixed  to  the 
crystal  and  die  volume  available  to  die  chains  is  limited  to  die  volume  confined  between  die  two 
crystalline  blocks.  S|  (N)  is  solved  for  by  arranging  die  model  chain  on  a  primitive  cubic  lattice  of  lattice 
constant  a’  subject  to  die  above  conditions.  The  entropy  of  a  chain  of  N  units  having  end  to  end  distance 
r  is  given  by 

S,  (N,r)  =  S't(N)  +  k  logc{Z*(N,r)}  (25) 

where  S’t(N)  is  the  entropy  contribution  arising  from  inner  vibrations  of  the  chain  and  Z*(N,r)  is  the 
number  of  configurations  available  to  the  chain  the  presence  of  other  chains.  The  quantity  S'^N)  for  a 
chain  of  N  units  in  the  present  situation  (amorphous  phase)  is  the  same  as  in  the  melt,  but  /.  (N,r)  is 
different. 

According  to  /.achman  and  Peterlin  (54),  for  a  chain  fixed  at  two  ends, 

Z*(N,r)  =  \V(N  t-  l,r)*/.’(N  I-  l)*a3  (26) 

where  W(N  +  l,r)*a3  is  the  probability  that  the  end  of  die  model  chain  lies  within  the  volume  a3  at 
a  distance  r  from  the  other  end.  /.'(N+  1)  is  die  number  of  configurations  of  a  chain  of  N  4-  l  units  with 
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both  ends  free  and  in  infinite  space. 

According  to  Chandrasekhar  (55),  the  number  of  conformations  of  the  shortened  chain  in  the 
volume  limited  by  crystal  faces  is  given  by  the  number  of  conformations  in  the  infinite  space  minus  the 
number  of  conformations  of  die  chain  which  partly  touch  or  cross  cither  or  both  of  the  crystal  faces.  In 
other  words,  die  conformations  subtracted  will  be  the  ones  for  which  die  chain  will  cross  from 
amorphous  into  at  least  one  of  die  crystalline  regions  for  a  short  hop  before  returning  to  the  amorphous 
region.  Such  a  representative  chain  configuration  is  shown  by  die  dotted  line  in  Figure  38. 

The  mathematical  formulation  for  diis  is  due  to  Gaylord  (56).  The  probability  of  a  chain  of  end  to 
end  distance  r  between  two  perfectly  reflecting  infinite  walls  (an  approximation  to  the  real  finite  size  of 
crystal  face)  separated  by  a  distance  d  is  given  as 

W(|  |,r)  =  f  [W(x  { -  x2  -  2md,  y,  z)  -  W(x  L  +  *2  *  2md,  y,  z)]  (27) 

where  (x^  ,  y^  ,  z^  )  and  (X2  ,  y2  ,  '2  )  arc  the  coordinates  of  the  chain  ends  and 

y  =  vr  y2 ; z  =  zrz2- 

Such  a  representative  chain  is  shown  in  Figure  37. 

Since  die  chain  in  die  intcrfacial  zone  has  only  one  conformation,  the  shortened  chain  of  (N  -  2) 
unit  lengths  connecting  points  1  and  2  has  the  same  number  of  conformations  as  die  whole  chain  of  N  + 
2  units.  For  calculation  purposes,  the  intcrfacial  zone  lias  been  chosen  to  be  of  length  2a,  i.c.,  A  =  2a 
(about  4.9  A0).  Therefore,  a  tie  molecule  of  N  +  2  units  will  effectively  act,  for  die  purposes  of 
conformation  calculation  act,  as  a  model  chain  of  N  ■  2  units. 

From  equations  (26)  anil  (27) 

Z*(N+2,r)  =? Z’(N-l)  {W(N-l.r(m))-  W(N-1.  r’(m)»*a3 
m=-«> 

---  /.’(N-l)T(N.r)  (28) 
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where 


P(N,r)  =  f  {W(n-l,r(m))-W(N-],r’(ni))}*a3  (29) 


From  equations  (25),  (26),  (27),  (28),  and  (29),  it  follows  that, 

S,(N+2,r)  =  S’t(N+2)  +  lclogc{Z*(N+2,r)} 

=  S’t(N+2)  +  k  !ogc{Z'(N-i)}  4-  k  logc{P(N,r)} 

According  to  Flory  (57),  for  a  chain  of  N  units  on  a  cubic  lattice, 

7/(N)  =  6N 
Thus, 

S,  (N  +  2,r)  =  S’t(N+2)  +  k  logc{Z’(N+2))  -  3k  logc6  +  k  logc{P(N,r)}  (30) 
'I'hc  entropy  of  a  chain  of  N  +  2  units  in  the  melt  is  given  by 

S|n(N+2)  =  S’t(N  +  2)  +  klogc{Z*(N+2)}  (31) 

nicrcforc, 

S,  (N  +  2,r)  =  Sn,(N  +  2)  -  3k  Iogc6  +  k  logc{P(N.r)} 

1  et  the  entropy  of  a  chain  of  N  +  2  units  in  the  crystal  be  St(N  +  2)  and 

S|n(N  +  2)*Sc(N  +  2)  =  (N  +  2)<ZiS0> 

<AS0>  is  the  entropy  of  inciting  a  unit  length  of  chain  of  the  crystalline  block. 

S,  (N  -»  2,r)  -  Sc(N  +  2)  =  ASL(N  +  2) 
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=  (N  +  2)<  4S0>  +  klogc{P(N,r)}  -  3klogc6  (32) 

Therefore, 

AFl(N  +  2)  =  AHl(N  +  2)-TASl(N+2) 

=  (N  +  2X  AH0>  f  rm°  -  T)/l  m°  -  kT  logc{P(N,r)}  +  3kT  loge6  (33) 

The  calculations  for  the  function  P(N,r)  based  on  Gaussian  probability  function  W  arc  given  in 
Appendix  I. 

Tit  us, 

G(N  +2)  =VN/v  =  {cxp(-AFL(N+2)/k'0}/ I  (exp(-AFL(N  +  2)/kT)}  (34) 

N 

where 

AFL(N+2)/kT  =  {(N+2)<AH0>}*{(Tm°-T)/Tm°VT} 

-  loge{P(N,r»  +  31ogc6  (35) 

and,  to  a  first  approximation  as  shown  in  Appendix  I,  logcP(N,r)  is  given  as 

logc{l*(N,r)}  =  -  0.4158  -  1.5logc(N-l)  -  {!.5/a2}[(KSQR  +  4a?)/(N-l)]  + 
logjsinh (6(d-2a)/(N- 1 )a}  *cxp  ?-3(d-2a)2/2(N-l)a2}  - 
sinh{6(d+2a)/(N-l)a}  *  exp  {-3(d+2a)2/2(N-t)a2}]  (36) 

where 

RSQR  =  y2  t-  y?  (37) 

Hie  probability  G(N)  for  a  lie  chain  of  length  N  units,  according  to  equations  (34),  (35),  and  (36)  is 
a  function  of  the  material  parameters  <AI  l°>,  Tm° ,  T ,  d  and  other  parametersA,  RSQR,  a  characteristic 
of  the  model.  A  has  been  assigned  value  of  2a,  based  on  expected  length  and  the  used  values  for  the  size 
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of  in tciTacial  zone  by  other  researchers  (27).  Hie  length  ’a’  of  the  unit  model  chain  is  calculated  from 
comparison  of  the  melt  entropy  of  the  model  chain  with  that  of  real  chain.  This  calculation  is  described 
in  a  later  section  on  parameters. 

In  order  to  evaluate  the  density  function  G(N)  from  equation  (34),  one  needs  to  obtain  AF^  (N)  as 
given  by  equation  (35).  The  logc  P(N,r)  term  in  equation  (36),  as  the  argument  of  P(N,r)  suggests,  is  a 
function  of  N,  the  number  of  model  chain  units  and  the  distance  r  between  chain  ends  of  the  tie 
molecule,  r  is  given  as 

r2  =  RSQR  +  (d  -  4a)2  (38) 

where  RSQR  defined  here  is  used  for  evaluation  of  logc  [P(N,r)J. 

A  tic  molecule  in  the  amorphous  region  of  an  element  of  polymer  structure  as  shown  in  Figure  39 
can  have  an  infinite  possible  values  for  r  depending  upon  the  location  of  end  points  of  A  and  B  in  the 
surfaces  I  and  2  respectively.  For  the  present  purposes  of  calculation  of  G(N),  each  of  the 
crystalline/amorphous  boundary  surface  has  been  divided  into  100  elements.  Since  the  microfibril  has 
cylindrical  cross-section,  the  element  in  Figure  39  is  assumed  to  be  cylindrical  (the  diameter  of  the 
cylinder  is  taken  to  be  80  A°);  (20,  21).  Each  of  the  cylinder  surface  is  divided  into  8  rings  of  width  5  A° 
each  as  shown  in  the  Figure  39a. 

Each  ring  is  subdivided  into  elements  of  equal  areas,  such  that  areas  of  elements  in  different  rings 
arc  very  nearly  (he  same.  Each  of  these  elements  arc  assigned  co-ordinates  R  and  0.  R  for  an  element  is 
the  average  of  the  outer  and  inner  radii  of  die  ring  to  which  the  element  belongs.  Considering  a  ring  of 

N  elements,  the  0  co-ordinate  of  the  j1^1  element  in  the  ring  will  be  [j  x  360/N]  where  j  =  1,  2 . N.  0  = 

0°  co-ordinate  for  each  ring  lies  on  the  same  radius  line  of  die  circular  cross-section,  'lhc  8  value 
increases  anti-clockwise.  The  N  values  for  die  eight  rings,  starting  from  die  outermost,  were  chosen  as  24, 
20,  18, 14, 10, 8, 4,  and  2,  respectively. 

Having  assigned  (11,0)  co-ordinates  to  each  element  on  both  faces  1  and  2  of  the  crystalline  block. 


85 


consider  a  tie  molecule  connecting  the  itli  clement  on  the  face  1  with  jth  clement  on  face  2.  In  order  to 
evaluate  log.  P(N,r)  from  equation  (16),  the  RSQR  for  this  tic  molecule  has  to  be  obtained. 

v 

The  RSQR  (i  j)  from  die  law  of  cosines  and  Figure  40  is  given  as 


RSQR(ij)  =  {R1(i)>2  +  {R20)}2-2{R1(irR20)*cos|e1(i)-  02(j)|}  (39) 
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4.1.1  Model  Parameters 

’flic  chosen  values  for  die  parameters  of  die  model  for  the  nylon  6  fiber  materials  are: 

Crvstallinitv:  The  crystallinity  of  37.5  %  for  nylon  fiber  is  obtained  from  density  measurements  using 

Amorphous  Density  (34)  =  1.084  gm./cm^  =  Pam 

Crystalline  Density  (34a)  =  1.230  gm./cm^  =  Pcr 
Crystallinity  Xc  =  100  *  (P  -  Pam)/(Pcr  -  Pmn) 

Density  of  nylon  6  fiber  P  =  1.139  gm./cm^ 

Crystallinity  of  50  %  is  obtained  from  X-ray  data. 

Length  of  Crystalline  and  Amorphous  Blocks:  The  length  of  crystalline  (Lc)  and  amorphous  (La)  blocks 
of  60  A0  and  30  A0  were  determined  by  Prevorsek  (20)  and  Park  (32)  using  WAXS  and  SAXS. 

Melting  Temperature:  Melting  temperature  (T^)  of  496°K  for  the  nylon  6  fiber  specimen  is  determined 
using  Differential  Scanning  Calorimetry  (DSC). 

Processing  Temperature:  This  was  determined  by  Park  (32)  in  his  thesis  work  for  these  materials  by 
annealing  the  nylon  6  fiber  at  different  temperatures.  The  processing  temperature  is  taken  as  die 
minimum  annealing  temperature  at  which  the  morphology,  i.c.,  long  period  and  orientation  angle,  show 
a  sudden  change.  This  was  found  to  be428°K. 

Diameter  of  Hie  Microfibril:  This  diameter  was  determined  by  Prevorsek  (21)  from  his  study  of  WAXS 
to  be  80  A0. 

Embalm  of  Fusion:  Endialpy  of  fusion  per  mole  of  monomer  for  nylon  6  is  5400  calorics.  (34b). 
l  attice  Model  Unit  Length:  The  model  unit  length  ’a’  is  obtained  by  comparing  die  melt  entropy  of  a 
model  unit  with  the  melt  entropy  per  covalent  length  linkage  in  nylon  6. 

Melt  entropy  per  model  unit,  according  to  equation  (11)  for  a  cubic  lattice  is  =  k  *  logc  6  =  1.79 
k/unit°K.  Nylon  6  monomer  is  of  length  8.62  A0  and  has  7  covalent  linkages.  Hicrefore,  average 
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covalent  linkage  length  is  1.23  A0.  Melt  entropy  per  linkage  is  obtained  using  5400  calories  per  mole  as 
the  enthalpy  of  the  monomer  and  496°  K  as  the  melting  temperature.  This  gives  a  value  of  0.78  k/°  K 
for  melt  entropy  per  linkage. 

The  melt  entropy  per  model  unit  is  less  if  one  hikes  into  account  the  dose  packing  of  the 
macromolccules  and  therefore  the  competition  for  space  in  reducing  the  number  of  conformations. 
Hence,  as  a  first  approximation,  one  model  unit  is  equivalent  to  two  covalent  linkages  in  the  real  chain. 
Ihus  the  length  of  a  model  unit  length  ’a’  is  chosen  as  2.46  A0, 

4.1.2  Calculation  of  G(N) 

RSQR  (ij)  is  evaluated  according  to  the  cq.  (39)  for:  i  =  1,2,3 . 100,  and  j  =  1,2,3 . 100.  For 

each  RSQR  (i,j),  logeP(N,r)  from  equation  (36)  is  used  to  obtain 

A1'l(N)  and  Gy  (N)  for  lire  relevant  range  of  N  values  using  equations  (35)  and  (34)  respectively.  The 
Gj j  (N)  for  all  possible  i  and  j  is  then  averaged  to  obtain  the  density  distribution  function  G(N)  for  the 
tie  molecule  population  of  the  element  of  Figure  32. 

(Note:  In  actual  compulation  on  the  computer,  only  a  half  of  the  elements  for  one  of  the  surfaces 
corresponding  to  those  with  0  co-ordinates  between  0°  and  180°  have  been  used.  This  reduction  in 
computation  is  possible  since  the  two  halves  of  this  surface  arc  identically  symmetric  with  respect  to  die 
other  surface.) 

A  plot  of  G(L)  against  the  length  l./L()  is  shown  in  Figure  41  for  a  crystallization  temperature  T  of 
428°K  or  155°C.  l-0  is  die  minimum  tie  chain  length  possible  and  will  be  equal  to  the  width  of  die 
amorphous  region  in  scmi-crystallinc  nylon  structure.  Figure  42  shows  cumulative  G(I.)  against  L/L(> 
plotted  on  a  normal  probability  paper.  'Ihe  latter  half  of  Uiis  curve  is  a  straight  line,  indicating  that  these 
tic  chain  lengths  obey  Gaussian  statistics.  Figure  42  also  indicates  that  short  tie  chains,  generally  referred 
to  as  ’taut  lie  chains’  have  a  concentration  of  2  -  5  %  of  the  total  tic  chains.  'ITiis  fractional  number  for 
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taut  tic  chains  is  in  reasonably  good  agreement  with  the  expected  number  of  taut  tic  molecules. 


Cumulative  fraction  of  tie  molecules 


Figure  42:  Cumulative  fraction  of  tie  molecules  versus 

ratio  of  tie  chain  length  to  minumum  tie  chain 
length  (L/L0). 
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4.1.3  Critical  Review 


The  model  for  calculation  of  the  tie  chain  length  distribution  has  been  obtained  on  the 
minimization  of  free  energy  in  a  thermodynamic  equilibrium  situation.  This  might  seem  inappropriate 
since  the  characteristics  of  amorphous  state  are  established  during  crystallization,  a  kinetic  process. 

Consider  an  amorphous  polymer  melt  in  equilibrium  at  certain  temperature  Ti  is  cooled  down  to 
another  temperature  T2  above  the  melting  temperature.  The  chains  in  this  ease  will  start  rearranging 
themselves  as  soon  as  the  melt  is  cooled,  towards  a  new  thermodynamic  equilibrium  state  of  temperature 
T2.  Given  enough  time  for  chains  to  rearrange,  the  thermodynamic  equilibrium  configurations  of  chains 
at  temperature  T2  will  be  obtained;  but  now  consider  the  other  possibility  that  T2  is  below  melting 
temperature  and  enough  time  is  not  given  for  a  complete  rearrangement  before  the  melt  was  quenched. 
The  molecular  state  in  which  the  solid  will  be  locked  is  an  equilibrium  state  between  temperatures  Tj 
and  T2  .  An  exactly  similar  situation  exists  during  crystallization  where  the  chains  in  the  amorphous 
region  arc  striving  toward  thermodynamic  equilibrium  state  at  the  temperature  of  the  environment,  but 
this  rearrangement  is  impeded  by  crystallization.  Therefore  the  thermodynamic  equilibrium  theory  used 
to  obtain  die  nature  of  amorphous  state  will  only  provide  an  approximation  to  die  actual  state  of  affairs. 
Keeping  diis  in  mind,  the  tic  chain  length  distribution  have  also  been  calculated  at  temperatures  about 
75°C  above  and  below  die  measured  processing  temperature.  The  crystallization  kinetics  in  nylon  6 
being  slow,  it  is  expected  that  the  tic  chain  length  distribution  will  be  close  to  that  calculated  for  the 
processing  temperature,  but  almost  certainly  within  die  extremes  of  other  temperatures  for  which  the 
distributions  arc  calculated  and  shown  in  Figures  41  and  42. 

I  doking  back  into  die  calculation  of  die  Uc  chain  length  distribution,  one  observes  absence  of  any 
consideration  for  the  effects  of  drawing  on  the  derived  tie  chain  length  distribution.  Such  effects  will  be 
small  and  will  result  in  small  increase  in  the  concentration  of  the  taut  lie  chains.  Some  increase  in 
concentration  of  the  inter fibrillar  tie  molecules  may  also  occur.  These  changes  will  be  small  as  follows 
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from  the  cold  drawing  process  of  nylon  6,  where  a  lamella  may  break  up,  but  the  amorphous  material 
between  the  successive  broken  lamella  is  not  terribly  altered.  This  has  been  shown  to  be  the  case  for 
nylon  6  fibers  which  are  melt  spun;  the  draw  direction  being  the  fiber  direction  as  established  during 
crystallization.  The  long  period  of  these  fibers  does  show  a  very  small  change  on  drawing  (21).  Thus  the 
tic  chains  connecting  adjacent  crystalline  blocks  are  not  modified  in  any  major  way  as  a  result  of  drawing. 
The  exception  is  the  formation  of  new  intcrfibrillar  tic  molecules  during  drawing,  and  the  calculated 
distribution  is  not  applicable  to  this.  Therefore  the  width  of  the  tic  chain  length  distribution  in  the  drawn 
material  will  be  approximately  the  same,  as  obtained  from  the  model  presented  in  this  study. 

4.2  Calculation  for  Number  of  Tic  Molecules 

The  calculation  here  for  obtaining  the  number  of  tic  molecules  present  per  a  gram  of  die  nylon  6 
material  is  derived  on  the  basis  of  following  assumptions  and  assertions: 

1)  The  probability  that  any  molecule  present  in  the  polymer  can  contribute  to  the  formation  of  a  tie 
chain  is  independent  of  the  length  of  the  molecule  provided  it  is  above  a  certain  minimum  required 
molecular  length  (!.  j  ).  The  minimum  required  molecular  length  will  be  the  length  of  two  crystalline 
blocks  plus  the  length  of  an  amorphous  region, 

2)  Hie  number  of  tic  molecules  resulting  from  a  given  polymer  molecule  is  directly  proportional  to  the 
length  of  the  molecule. 

3)  The  average  length  of  the  polymer  molecule  I.  required  to  form  a  tic  molecule  is  the  length  of  a 
crystalline  block  l-c  plus  an  average  length  for  the  tic  molecule  l/p 

L  =  l-c  +  I T 


where 


I  .T  =  [{?  I  ,  (i)*G(l  (i)}J/({  ?G(I  (i)}l 

1  i  i 

and  G  (1.(0)  >s  the  density  distribution  function  for  the  length  of  die  tic  molecule  as  obtained  in  the 
previous  section. 

4)  The  molecular  chains  that  return  to  the  same  crystalline  block  (chain  loops,  switch  board  concept)  or 
chain  fold,  represent  molecules  that  do  not  cross  over  from  one  crystalline  block  to  another  and  therefore 
do  not  contribute  to  the  tie  chain  population.  The  reduced  number  of  tic  molecules  obtained  due  to  the 
formation  of  loops  or  chain  folds  can  be  taken  into  account  by  including  a  factor  X .  The  factor  X  is  the 
fraction  of  the  chains  in  the  crystalline  block  that  contribute  to  formation  of  tie  molecules.  Note:  w(i)  is 
die  fractional  weight  in  grams  of  a  molecular  weight  species  MW  (i)  such  that  the  total  weight  of  the 
specimen  under  the  chromatogram  is  one  gram.  N(i)  is  the  number  of  molecules  present  of  molecular 
weight  MW  (i)  in  one  gram  of  the  specimen. 

5)  Divide  the  molecular  weight  axis  in  Figure  28  into  a  certain  number  of  segments,  say  M  (100  in  our 
case).  The  ordinate  w(i)  in  Figure  28  can  be  changed  to  N(i)  according  to  following  manipulation: 

N(i)  =  (w(i)  *  6.023  x  !023]/MW(i) 

6)  Calculate  die  extended  length  l.(i)  of  the  molecule  for  the  molecular  w-cight  segment  of  MW(i).  The 
length  1  (i)  is 

I  (i)  -  { MW(i)  *  I  ength  (extended)  of  monomei  {/Molecular  Weight  of  Monomer  Unit 
For  nylon  6, 

I  (i)  (MW(i)  *  8.62  A°{/ 11 3.16 

7)  The  total  number  of  tie  molecules  resulting  from  a  segment  of  molecules  of  molecular  weight  MW(i)  is 
given  by 
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NT(i)  =  {N(i)*L(i)*X  }/L 


If  I  — —  — - -  U.^ 

•  ^  i  j»h» 


8)  Calculate  NT(i)  for  each  segment  for  i  =  1.2, . M. 

The  total  number  of  tic  molecules  'NT  is 
NT  =  ^  NT(i) 

The  total  number  of  tic  molecules  per  gram  has  been  found  to  be  1  *  10“^  per  gram,  which  is  in 
agreement  with  the  generally  expected  value. 

4.3  Discussion 

GFC  measurements  on  nylon  6  show  a  bond  scission  of  2.3*10^/cmA  This  is  in  excellent 
agreement  with  0  of  3.3*l0^/cm.^  measured  by  Crist  (13)  from  decrease  in  the  viscosity  average 
molecular  weight  assuming  random  scission  of  chains  and  Mw/Mn  =  2  for  nylon  6.  These  observations 
of  GPC  and  viscomctry  arc  also  in  close  agreement  with  the  number  of  free  radicals  detected  by  FSR. 
The  observed  ration  of’  0orv./free  radicals'  of  approximately  5  very  likely  results  from  the  decay  of 

Or' 

reactive  free  radical  species,  as  suggested  by  Chapiro  (60).  The  confirmation  of  these  results  by  GPC  is  of 

significance  since  the  results  of  viscomctry  and  FSR  arc  questionable  due  to  the  inherent  uncertainties  of 

tlic  latter  two  techniques  for  such  an  analysis.  The  importance  of  an  accurate  value  for  cannot  be 

underestimated  because  to  a  large  extent  the  acceptance  of  a  fracture  model  has  been  based  on  its 

1 

prediction  of  the  bond  scission  per  cm.  ,  this  being  die  most  direct  experimental  evidence  available  at 
this  time  for  fathoming  tlic  molecular  nature  of  the  fracture  processes  in  highly  drawn  fibrous  materials. 

Zhurkov  and  Zakrevskii  (24a,  24b)  proposed  a  mechanism  for  subinicroscopic  crack  nuclcalion 
from  their  studies  of  free  radicals  and  of  newly  formed  end  groups.  According  to  their  observations,  a 
single  free  radical  undergoes  secondary  radical  reactions  to  produce  as  many  as  4000  bond  scissions 


before  it  decays.  GPC  observations  of  bond  scission  of  2.3*10*8  per  cm^  in  nylon  6  and  IR 
measurements  of  bond  scission  in  fractured  PH  film  of  less  than  3*10  per  cm.  cannot  possibly  be 
explained  on  the  basis  of  Zhurkov-Zakrevskii  mechanism.  Viscomctry  data  of  Crist  (13)  and  IR 
observations  of  Dc  Vries  (61)  reinforce  the  observations  made  in  this  study.  Therefore,  the  experimental 
observations  of  Zhurkov  and  his  colleagues  can  only  be  attributed  to  some  peculiar  characteristics  of 
their  polyethylene  specimens. 

GPC  observations  of  Figures  28  and  34  show  that  the  higher  molecular  weight  component  is 

preferentially  ruptured  during  fracture.  The  statistics  of  mechanically  induced  scission  are  therefore 

biased  in  favor  of  larger  molecules.  This  would  seem  to  follow  logically  from  the  consideration  that  a 

longer  molecule  generally  has  a  greater  probability  of  participating  in  the  fonnation  of  a  tic  molecule. 

The  positive  and  negative  portions  of  Figure  34  have  been  summed  over  seperately  to  obtain  the  number 
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of  molecules  per  gram  that  have  ruptured  and  the  ones  that  have  formed.  'ITiesc  numbers  are  1.35*10  ' 
and  2.7*10*8  per  gram  respectively.  The  ratio  of  20  (of  number  formed  to  those  ruptured)  means  that  a 
single  long  molecule,  on  an  average,  may  be  ruptured  as  many  as  20  times.  How  is  this  achieved?  It  is 
generally  believed  that  the  tic  molecules  in  tire  amorphous  regions  arc  die  ones  to  rupture.  Therefore, 
the  observed  behavior  can  only  be  explained  if  a  long  molecule  were  to  form  a  large  number  of  tie 
molecules.  (Consider  a  molecule  of  molecular  weight  500,000;  the  contour  length  of  such  a  molecule  is 
38000  A0.  If  only  one  tenth  of  die  molecules  in  the  crystalline  block  were  to  form  tie  molecules,  one 
obtains  40  or  so  tie  chains  resulting  from  such  a  polymer  molecule.)  Such  behavior  would  suggest  a 
switch-board  radicr  dian  a  folded-chain  model  of  die  crystal  morphology. 

Comparison  of  the  concentration  or  the  number  of  molecules  per  gram  as  a  function  of  molecular 
weight  for  virgin  and  fractured  specimens  of  Figures  28  and  33  presents  some  interesting  .aspects 
regarding  the  role  of  dilTcrcnt  molecular  weight  components.  In  Figure  43,  die  fractional  change  in 
concentration  (ratio  of  change  in  concentration  at  a  given  molecular  weight  to  the  concentration  of  virgin 


specimen  of  that  molecular  weight)  is  plotted,  'litis  plot  shows  a  maximum  decrease  in  fractional 
concentration  at  molecular  weight  3*10^,  but  tire  fractional  concentration  increases  from  zero  at 
molecular  weight  of  5.5*  10^  to  a  maximum  fractional  increase  of  0.24.  The  change  in  the  number  of 
molecules  per  gram  at  any  molecular  weight  ’X’,  is  resultant  of  the  two  effects  of  the  amount  added  due 
to  rupture  of  higher  molecular  weight  ’Y*  onto  ’X’,  and  the  amount  lost  from  rupture  of  ’X*  into  lower 
molecular  weight  species.  It  has  not  been  possible  to  dcconvolute  these  two  effects  to  obtain  an  absolute 
conversion  of  each  molecular  weight  species  from  its  initial  concentration.  Such  a  deconvolution,  if 
possible,  will  be  helpful  in  providing  the  statistics  of  the  scission  of  molecules  hi  nylon  6. 

Earlier  mentioned  observation  of  the  preferential  rupture  of  the  high  molecular  weight  molecules 
into  a  number  of  small  segments  was  explained  to  suggest  that  a  large  molecule  forms  a  great  number  of 
tic  molecules.  If  the  relative  concentration  of  the  high  molecular  weight  component  be  increased,  an 
increased  number  of  tic  molecules  will  be  formed.  Therefore,  assuming  fracture  obeys  the  same  statistics 
as  before,  a  greater  number  of  tic  chain  ruptures  will  be  observed  on  fracture.  This  will  slow  down  the 
crack  propagation  mode,  thereby  increasing  the  lifetime  of  the  solid  under  stress.  The  greater  number  of 
tic  molecules  also  implies  a  higher  fracture  strength  and  an  increase  in  the  total  energy  absorbed  before 
macroscopic  failure  occurs. 

'tills  hypothesis  can  be  checked  from  a  comparison  of  the  fracture  behavior  of  two  fibers  of  nylon  6 
of  similar  morphology,  with  same  number  average  molecular  weight  but  different  weight  average 
molecular  weights. 

Hie  plot  of  Figure  43  has  a  maximum  in  llic  fractional  concentration  decrease  at  a  molecular  weight 
of  3*10^.  T  he  significance  of  this  maximum,  die  molecular  weight  at  which  it  occurs,  and  its  role  in 
determining  die  fracture  properties  is  not  understood  at  this  lime. 

Amorphous  Mornholonv:  The  mechanical  behavior  of  drawn  polymers  is  determined  essentially  by 


the  nature  of  amorphous  content  and,  in  particular,  the  fr.iction  of  taut  lie  molecules  (or,  continued 


crystallites  through  amorphous  regions  (62,  63, 64)).  Peterlin  (65)  indicated  a  taut  tic  molecular  fraction 
of  1  -  4  %  derived  from  the  clastic  modulus  and  tensile  strength,  whereas  etching  of  the  polyethylene 
specimen  with  nitric  acid  provided  for  an  amorphous  tic  chain  content  of  20  -  30  %.  McCrum  (66) 
estimated  a  concentration  of  only  0.25  %  for  tic  chains  (taut,  apparently)  to  explain  the  anisotropy  of  the 
relaxation.  Fischer  (67)  indicated  about  1  %  of  the  material  in  the  cross-links.  Ward  (62)  reports  a 
maximum  crystalline  content  of  0.6  for  PE  from  the  ratio  of  apparent  lattice  modulus  to  crystal  modulus, 
implying  that  40  %  of  the  material  in  amorphous  region  is  in  disordered  phase.  The  contribution  of  taut 
tic  chains  to  the  disordered  phase  in  this  ease  is  not  known.  Nagou  (63)  has  obtained  from  their 
experimental  results  on  highly  drawn  polypropylene  a  concentration  of  taut  tic  molecules  of 
approximately  2  %  in  a  total  concentration  for  the  amorphous  phase  of  25  %. 

A  calculation  performed  by  the  author  (details  are  given  in  Appendix  III)  for  nylon  6  fiber 
specimens  of  50  %  crystallinity  obtains  the  concentrations  of  chain  loops  (folds),  chain  ends,  tic  chains, 
and  cilia.  The  results  of  this  calculation  are  presented  in  T  able  7.  Some  of  the  amorphous  content  of  tie 
molecules  might  be  accounted  by  intcrfibrillar  tie  molecules  (69),  connecting  adjacent  microfibrils  or 
distant  crystalline  blocks  within  a  microfibril.  The  contribution  of  the  intcrfibrillar  to  the  amorphous 
material  has  not  been  resolved.  From  Table  7,  if  the  tic  chain  contribution  of 0.254  gram  were  used  up  in 
obtaining  the  intcrfibrillar  tic  molecules  (which  arc  generally  taut)  and  taut  tic  molecules  only,  the 
resulting  modulus  of  the  fiber  based  on  Takayanagi’s  approach  (71)  will  be  much  higher  than  the 
observed  value.  Therefore,  one  concludes  that  only  a  small  fraction  of  the  amorphous  tic  chains  exist  as 
taut  tie  chains  and  a  major  fraction  comprises  the  tic  molecules  in  non-cxlcndcd  conformations. 

Non-extended  tic  molecules  do  not  contribute  significantly  to  the  modulus  of  the  fiber,  except  for 
die  small  entropic  effect.  However,  void  formation  requires  rupture  of  all  the  lie  chains  in  that 
cross-section.  As  a  result,  all  the  non-extended  tic  chains  in  that  cross-section  arc  also  ruptured.  The 
rupture  of  the  non-extended  tie  chains  requires  large  local  strains  which  will  be  present  only  in  the 
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vicinity  of  a  flaw. 

Therefore,  any  fracture  model  must  include  the  contribution  of  the  non-extended  tie  chains  to  the 
number  of  molecules  ruptured  and  to  the  formation  of  the  microflaws. 

A  theoretical  calculation  described  earlier  gives  the  distribution  of  the  tie  chain  lengths  and  the 
results  of  this  calculation  are  presented  in  Figure  41.  The  cumulative  distribution  plot  of  Figure  42  gives 
an  approximate  value  of  2  -  5  %  for  the  fraction  of  taut  tic  molecules.  This  number  is  in  good  agreement 
with  the  fraction  of  taut  tic  molecules  calculated  by  researchers  from  other  studies  discussed  earlier. 

A  comparison  of  the  tie  chain  length  distribution  of  Lloyd  -  DeVries  model  with  the  theoretical 
distribution  of  the  tic  chain  lengths  calculated  shows  diat  the  difference  in  the  width  of  die  two 
distributions  along  the  axis  (72)  of ’L/L0’  is  large.  The  Kausch’s  experimental  results  arc  between  1.07 
and  1.18  whereas  the  theoretical  model  values  vary  from  1.03  through  6.0  or  so.  The  initial  portion  of 
the  cumulative  tie  chain  length  distribution  from  theory  and  the  distribution  of  tic  chain  lengths  of 
Kausch’s  observations  arc  plotted  in  Figure  44.  This  plot  suggests  that  the  distribution  of  tic  chain 
lengths  obtained  from  experimental  ESR  observations  of  Kausch  may  have  resulted  partly  from  the  taut 
lie  molecules  component  of  the  theoretically  calculated  distribution.  Hie  apparent  suggestion  is  that 
I  .loyd  -  DeVries  distribution  docs  not  represent  the  distribution  of  tic  chain  lengths  but  possibly  reflects  a 
contribution  from  tde  distribution  of  Uiut  tie  molecules  only.  This  seems  reasonable  in  light  of  the  fact 
that  Lloyd  -  DeVries  distribution  has  been  obtained  from  a  histogram  of  the  free  radical  obtained  on 
fracture  which  is  a  result  of  the  presence  of  taut  tic  molecules  and  the  not-so-obvious  effects  of  the 
variation  of  stress-intensity  factor  in  the  vicinity  of  die  submicrocracks. 

A  major  probclm  with  the  Lloyd  -  DeVries  model  is  that  the  experimentally  observed  chain  rupture 
of  (5*10^  per  cm.^  of  free  radicals  from  HSR)  2.3*10^  per  cin.^  from  GRC  is  only  a  small  fraction  of 
the  5*10*^  -  1*10^  per  cm.-*  of  die  tie  molecules  present  in  nylon  6.  Another  problem  with  I  .loyd  - 
IX' Vries  model  is  the  presence  of  inhomogcncitics  through  submicrocrack  formation  which  have  been 


observed  by  Zhurkov  from  SAXS  of  die  loaded  fibrous  specimens  of  nylon,  polyethylene,  and  other 
materials.  Lloyd  -  DeVries  model  makes  no  provision  for  the  formation  of  submicroscopic  cracks. 
Notwithstanding  die  other  drawbacks  of  Pctcrlin's  model,  submicroscopic  crack  formation  follows 
directly  as  a  result  of  the  retraction  of  the  microfibri!  ends.  The  formation  of  microcracks  also  enables  a 
logical  explanation  for  die  rupture  of  only  a  small  number  of  de  molecules.  Lloyd-DeVries  model  can 
easily  explain  die  observed  stress-strain  behavior,  of  Figure  45,  if  the  number  of  de  chains  experiencing 
the  stress  is  taken  to  be  about  20  times  the  number  of  free  radicals  observed  (23). 

A  new  approach  for  the  formation  of  the  microcracks  in  the  fibrous  morphology  is  suggested  here: 

The  fibrous  structure  is  assumed  to  consist  of  an  almost  continuous  fibril  of  alternating  crystalline 

and  amorphous  regions.  The  long  period  and  the  cross-section  of  die  fibril  is  typically  of  the  order  of  100 

A°  and  (100  A0)2  respectively.  'Hie  major  quesdon  to  be  addressed  is,  what  is  the  nature  of  the  weak 

region  where  the  submicrocracks  can  be  initiated?  Considering  the  amorphous  regions,  die  number  of 

tic  chains  arc  not  Jic  same  in  every  amorphous  block.  An  amorphous  block  of  (100  A°)2  will  have,  on  an 

2 

average,  about  50  tie  chains  or  so,  assuming  a  cross-section  for  die  de  chain  of  20  A0  and  dial  only 
one-tenth  of  the  chains  in  die  crystalline  lattice  will  form  de  molecules.  'Ilius  the  number  of  lie  chains  in 
the  amorphous  regions  being  statistically  distributed,  few  of  these  regions  will  have  a  greater  number  of 
tic  molcculs  than  the  average  of  50,  whereas  some  others  will  have  a  much  smaller  number  of  tic  chains. 
The  amorphous  regions  with  a  small  number  of  tie  chains  arc  relatively  weak  and  die  stress  experienced 
by  the  individual  chains  will  be  higher  than  for  die  chains  in  other  amorphous  regions.  As  a  result,  the 
lie  chains  in  weak  amorphous  regions  break  and  a  submicrocrack  is  initialed.  Comparing  die 
experimentally  observed  submicrocrack  density  with  the  approximate  number  of  amorphous  regions 
present,  it  turns  out  that  an  upper  limit  for  die  amorphous  regions  classified  as  weak  will  be  one  out  of 
every  hundred  amorphous  regions  present. 

I  he  main  features  of  this  model,  which  is  similar  to  Lloyd  - 1  X’Vries  model  in  many  respects,  are: 
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(1) .  Consists  of  alternating  regions  of  crystalline  and  amorphous  blocks. 

(2) .  In  loading,  the  tic  molecules  and,  in  particular,  die  taut  tic  molecules  in  almost  every  amorphous 
region  experience  the  stress. 

(3) .  The  stress  experienced  by  the  tic  molecules  in  the  weaker  regions,  where  fewer  tie  chains  are 
available,  is  considerably  higher. 

(4) .  These  weaker  regions  and  sometimes  the  adjacent  amorphous  regions  open  up  as  microcracks  due  to 
the  rupture  of  the  tic  chains. 

(5) .  All  the  tic  chains  in  the  weaker  regions,  their  neighborhoods  that  open  up  as  microcracks,  and  some 
of  die  taut  chains  in  other  amorphous  regions  arc  ruptured  on  loading  die  specimen  to  failure. 

(6) .  Macroscopic  fracture  occurs  when  accumulation  of  a  large  number  of  microcracks  at  a  site  produces  a 
large  critical  crack. 

This  model  docs  not  require  the  rupture  of  all  the  Uc  chains  present  as  is  die  case  with  Lloyd  - 
DeVries  model.  Further,  many  more  taut  tic  chains  than  Jiosc  ruptured  experience  die  stress.  (It  is  not 
possible  to  calculate  this  number  presendy.)  lhcrcforc,  die  discrepancy  of  a  ratio  of  5  between  the 
number  of  tic  chains  needed  to  obtain  the  stress-strain  behavior  based  on  Lloyd  -  DeVries  model  as 
shown  in  Figure  45  and  the  number  of  lie  chains  ruptured  can  possibly  explained. 

The  amorphous  regions  in  die  fibrous  structure  arc  strained  commensurate  with  die  modulus  of  the 
amorphous  blocks,  when  stressed.  The  weak  amorphous  regions,  as  mentioned  above,  will  experience 
large  local  strains.  Therefore,  all  the  lie  chains  in  these  regions  will  break  and  die  amorphous  region  will 
open  up  as  a  submicrocrack.  Die  formation  of  submicrocracks  will  cause  redistribution  of  the  applied 
load.  The  amorphous  material  in  die  immediate  vicinity  of  die  microcrack  will  be  under  higher  stress 
due  to  die  redistribution  of  load  and  the  stress  intensity  concentration  effect  in  front  of  a  crack  tip.  As  a 
result,  some  of  die  chains  (particularly,  the  extended  lie  chains)  in  the  neighborhood  of  die 
submicrocracks  arc  also  ruptured.  The  propagation  of  cracks  in  these  neighboring  regions  will  be  to 
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some  extent  inhibited  by  presence  of  otiicr  crystalline  and  strong  amorphous  blocks.  Ihe  strong 
intemiolecular  hydrogen  bonding  between  fibrils  and  molecules  of  nylon  6  prevents  any  major  slippage 
of  fibrils  past  each  other.  Therefore,  every  (almost)  region  will  be  under  stress  and  some  of  the  taut  tic 
molecules  will  be  ctose  to  their  breaking  stress. 

Within  experimental  error  of  observation,  the  stress-strain  behavior  of  the  fibers  loaded  to  a  stress 
below  the  fracture  stress  is  unchanged  from  the  first  cycle  to  the  second  cycle  of  loading.  The  modulus  of 
the  fibers  is  believed  to  be  governed  by  the  taut  chain  molecules  present.  Therefore,  a  comparison  of  the 
stress-strain  behavior  between  the  first  and  the  second  cycle  suggests  that  the  concentration  of  taut  tie 
chain  molecules  is  practically  unchanged  in  loading  of  fibers.  The  majority  of  the  broken  chains  will  be 
formed  in  tile  weak  regions  and  their  vicinity.  Only  a  very  small  fraction  of  the  taut  tic  chains  in  all  the 
remaining  amorphous  regions  arc  expected  to  break. 

This  is  further  verified  from  observations  of  no  additional  chain  rupture  during  the  second  load 
cycle.  Tli  is  follows  from  the  consideration  that  all  the  weak  regions,  their  neighborhoods,  and  the  lie 
molecules  present  in  these  regions  and  few  of  the  taut  tic  chains  in  other  amorphous  blocks  have  been 
ruptured  in  the  first  loading  cycle.  During  the  second  cycle,  these  regions  open  up  without  any 
additional  chain  rupture;  some  of  the  taut  tic  chains  may  be  close  to  their  breaking  stress  and  a  few  may 
break,  but  their  number  is  very  small.  If  the  highest  load  in  the  second  cycle  is  applied  for  a  long  time, 
additional  bond  rupture  due  to  breaking  of  taut  tie  chains  or  further  propagation  of  the  defects  may  be 
seen.  The  breakage  of  a  large  number  of  taut  tic  chains  will  be  expected  to  result  in  lower  modulus. 

Two  halves  of  the  broken  fiber  have  the  same  fracture  strength  as  the  original  fiber.  It  seems  likely 
that  the  breakage  concentration  of  the  tic  chains  of  the  order  of  2  %  or  so  of  all  the  amorphous  chain 
segments  docs  not  weaken  the  polymer  network  decisively.  Subsequent  loading  of  the  fiber  does  not 
produce  additional  detectable  chain  scission  (as  observed  from  liSIt);  but  a  small  chain  scission  will  be 
expected  on  the  basis  of  the  morphology  of  the  fibrous  structure.  In  fatigue  where  the  damage 
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accumulates  over  a  large  number  of  repeated  loadings,  a  definitive  decrease  in  die  fracture  strength  of  the 
fiber  is  observed. 
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Crystalline  Contribution  =  50.0% 


Cumraulative  fraction 

of  tie  molecules  Fractional  change 


NYLON  6  AT  ROOM  TEMPERATURE  CYCLIC  STR£SS  FATIGU£ 

(*5  CYCLE/SEC)  TEST  FOR 
NYLON  6  AT  ROOM  TEMPERATURE 

Figure  45  :  Comparison  between  the  stress-strain  behaviour  predicted  by  Lloyd-DeVries 
model  and  experimentally  measured. 
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Appendix  I  -  Calculation  for  P(N,r) 


P(N,r)  =  1  {W(N  ■  1,  Km))  -  W(N  - 1),  r’(m))}‘a3 

HVs-ob 

P(N.r)/a3  =  E  WJN  - 1,  (xA  -  A-  2md,  y,  z))  -  W(N  - 1,  (xA  +A -  2md,  y,  z)) 

Let  P’(N,r)  =  P(N,r)/a3 

Assuming  that  gaussian  statistics  are  appropriate  for  the  description  of  tie  chains  in  the  amorphous 
regions  of  the  semi-crystalline  polymer, 

W(r)  =  (3/2it<r2>0}3/2  *  exp  {-  3^/2  <r*>0} 

where  r2  =  x2  +.y2  -F  z2 

For  a  gaussian  chain  of  N  - 1  units, 

<r2>0  =  (N  -  l)a2 

K(N,r)  =  {3/2rr<i2>  }3/2£[cxp  {  -  3((xA  -A-2md)2  +  y2  +  z2)/2<r2>_} 

"  m:-0»  u 

-  exp  { -  3((x A  +A  -  2md)2  +  y2  +  /.2)/2<r2>0}J 
Let  KSQR  =  y2  +  z2 

P’(N,r)  =  {3/2it<r2>0}3/2  *  exp  ( -  3RSQR/2<i2>0)  * 

?[cxp  { -  3((xa  -  2md)2  +A2  +  4md\-  2x  »A)/2<i2>()} 

ms 

-  exp  { -  3((xa  -  2ind)2  +A2  +  4mdA+  2xaA)/2<i2>0}J 

Then, 

P'(N.r)  =  {3/2«<t2>0}3/2  *  exp  ( -  3RSQR/2<r2>0)  *  exp  (-  3A2/2<r2>0)  * 

J?  cxj){-  3(xa  -  2md)2/2<r2>0}  *  (exp{(3/2)*2X(xA  -  2md)/<r2>0} 
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-  cxp{-(3/2)*2A(xA-2md)/<r2>0}J 


P’(N,r)  =  {3/2u<r2>0}  *  exp  ( *  3(RSQR  +X2)/2<r2>0)  * 

I  exp{-  3(xa  -  2md)2/2<r2>0}  *  2sinh{3A(xA  -  2md)/<r2>0> 
m--oo  ‘ 

=  2  C?_exp{-  3(xa  -  2md)2/2<r2>0}  *  siah{3A(x  A  *  2md)/<r2>Q} 
where  C  =  {3/2  n<r2>0}2/2  *  exp  ( -  3(RSQR  +X2)/2<r2>(>) 


Consider  the  summation 


•O  -1 

1  =  Z 

nu-«°  m=-« 


+  P’(N,r)| 


m=o 


00 

+  z 

m»i 


Also  consider 

Z  exp{-  3(xa  -  2ind)2/2<r2>0}  *  sinh{3A(xA  -  2md)/<r2>0> 


Changing  die  variable  ni  =  -  n, 


£  =  £  cxp{-  3(x*  +  2nd)2/2<r2> .}  * sinh (3A(x A  +  2nd)/<r2>  } 
m=-»  A  o  /v  o 

=  -Z  cxp{-  3fxA  +  2md)2/2<r2>0)  *  sinh{3A(xA  +  2md)/<r2>0} 

*1*1 

Also.  P’(N,r)|m=0  =  2Ccxp{-3xA2/2<r2>0)*sinh(3XxA/<r2>0) 


Therefore, 

P’(N.r)  =  2C  {exp  (•  3xA2/2<r2>Q)  *  sinh  (3AxA/<r2>0)} 
+jZ(cxp{-  3(xA  -  2md)2/2<r2>0}  *  sinli{3A(xA  -  2md)/<r2>0{ 

-  cxp{-  3(xa  +  2nul)2/2<r2>0f  *  sinh{3A(x A  +  2md)/<r2>0}J 


For  tic  molecules,  x^  =  d  •  X. 

Thus,  for  tic  molecules,  the  previous  equation  is 

F(N,r)  =  2C  {exp(-3(d-A)2/2<f2>0)*sinh(3X(d-»/<r2>0)} 

+1  [exp{-  3(  -  A+  (1  -  2m)d)2/2<r2>0}  *  sinh{3A(  -  X+  (1  -  2m)d)/<r2>  } 
m=i 

-  exp{-  3((1  +  2m)d-\)2/2<r2>0}  *  sinh{3X((l  +  2m)d  -A)/^}) 

Considering  the  summation  in  above  equation  explicitly, 

E  =  exp  {-  3(A+  d)2/2<r2>Q}  *  sinh  { -  3A(A+  d)/<r2>0} 
n*t  u 

-  exp  {•  3(3d  -A)2/2<r2>0}  *  sinh  {  3A(3d  ■A)/<r2>0} 

+  exp  {-  3(3d  +A)2/2<r2>0}  *  sinh  { -  3A(d  +X)/<r2>0> 

-  exp  {-  3(5d  -A)2/2<r2>0}  *  sinh  {  3X(5d  -A)/<r2>0} 

+ . 

In  the  summation  die  zerodi  and  first  order  terms  arc  significant  and  odiers  drop  out  very  rapidly  with 
increasing  m.  Thus,  To  a  first  order  approximation, 

P’(N,r)  =  2  C  [{exp  (-  3(d  -A)2/2<r2>0)  *  sinh  (3A(d  *A)/<r2>0)}  . 

+  exp  {-  3(A+  d)2/2<r2>G)  *sinh  {-  3»(A+  d>/<r2>0» 

Or.  P'(N,r)  =  2  (3/2n<r2>0}3/2  •  exp  ( -  3(RSQR  +A2)/2<r2>q)  *  [{exp  (-  3(d  -A)2/2<r2>(>)  * 
sinh  (3A(d  -A)/<r2>0)}  •  exp  {*  3(  A+  d)2/2<r2>0}  * 
sinh  { 3A(A+  d)/<r2>0>] 

Also,  substituting  <1^^  =  (N  -  I)a2 

P(N,r)  =  F(N,r)a3  =  2  {3/2w(N  •  1)}3/2  *  exp  ( •  3(RSQR  +A2)/2(N  •  l)a2)  * 


({exp  (-  3(d  -X)2/2(N  -  l)a2)  *  sinh  (3Afd  -  J)/(N  -  l)a2)} 

-  exp  {-  3(X+  d)2/2(N  -  l)a2}  *  sinh  {  3X(X+  d)/(N  -  l)a2}l 

Taking  logarithms, 

logcP(N,r)  =  k>gc2  +  3/2  1ogc(3/2n(N  - 1)}  •  3(RSQR  +A2)/2(N  -  l)a2) 
+  loge  ({exp  (-  3(d  -^(N  -  l)a2)  •  sinh  (3X(d  -X)/(N  *  l)a2)} 
-  exp  {-  3( A -f  d)2/2(N  -  l)a2}  ♦sinh  {  3A(A+  d)/(N  -  l)a2}] 

Using  X  =  2a, 

logeP(N,r)  =  -  0.4158  - 1.5  !ogc  (N  - 1)  -  1.5(RSQR  +  4a2)/(N  -  l)a2 
+  logc  (exp(  -  3(d  -  2a)2/2(N  -  l)a2)  *  sinh  (6(d  -  2a)/(N  -  l)a) 

•  cxp(  -  3(d  +  2a)2/2(N  -  l)a2)  *  sinh  (6(d  +  2a)/(N  -  l)a)] 


Appendix  II  *  Calculation  for  X 


Crystallinity  =  Z  (fraction) 
length  of  crystalline  block  =  Lc 
Average  length  of  tie  molecule  =  LA 
Average  length  of  loop  or  fold  =  Lf 

Consider  1  gm.  of  the  polymer.  Then  Z  gm.  is  the  weight  of  crystalline  component 
Total  number  of  crystalline  chains  per  gram  =  N,  say. 

Then.  Z  =  N*Lc*w  (40) 

where  w  is  the  weight  of  unit  length  (A°)  of  the  polymer  chain. 

Amomhous  Region: 

La*w*N*X  +  Lf*w*N*(l  -  X)  =  1-Z 

l.A*X  +  LfLjX  =  (1  -  Z)/wN 

From  equation  (40),  wN  =  Z/Lc 
Therefore.  (LA  -I.fJX  =  (l  -  Z)*LC/Z  *  Lf 

i.e.,  X  =  {(l  -  ZXLC  -  Z*I.f)|/ZXl  A  -  I  f) 

Choice  of  Parameter  for  ’X’  calculation: 

Crystallinity  Z  =  0.500 
I'c  =  “A0 
La  =  120  A0 
If  =  q 
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Then, 


X  =  {(0.S/0.S)*(60  -  q)}/(120  -  q)  =  (60  •  q)/(120  -  q) 

Since  chain  fold  length  q  is  only  a  few  A0,  much  less  than  100  A°, 

X  =  60/120  =  0.5 

If  instead  of  folds,  chain  loops  are  present,  a  value  (expected)  for  average  loop  length  on  the  higher  side 
will  be,  say,  30  A0.  Then, 

X  =  (60  -  30V(120  -  30)  =  0.33 

Therefore,  a  value  between  0.33  and  0.5  for  X  would  be  a  good  approximation. 


113 


Appendix  HI  *  Calculation  of  Amorphous  Components 


Length  of  nylon  6  repeat  unit  =  8.64  A° 

Mass  of  nylon  6  repeat  unit  =  113  gm./molc 
Therefore,  mass  of  nylon  6  repeat  unit  per  A0  of  length 
=  113/(8.64*6.0225*1023) 

=  2.17*10'23gm7A° 

Crystallinity  of  nylon  6  (density  measurement)  =  50.0% 

Therefore,  mass  of  amorphous  component  per  gram  of  nylon  6  specimen  =  0.50  gm. 

Chain  End  Contribution: 

Number  average  molecular  weight  of  nylon  6  =  30,000. 

Number  of  chain  ends  per  gm.  of  material  =  (2*6.023*1023y30,000 

=  4.02*1019/gm. 

The  thickness  of  die  amorphous  region  in  nylon  6  has  been  determined  experimentally  as  30  A0. 
As  an  approximation,  assume  the  average  length  for  a  loose  chain  in  the  amorphous  region  with  chain 
end  (as  shown  in  the  figure  below)  to  be  30  A0. 

Crystallite 

Average  length  =  30  A0 

Crystallite  m 

Total  mass  due  to  chain  ends/gm.  of  nylon  6  =  4.02*10  ^ 9*  30*2. 17*  10" 23 
=  2.62*10'2gmVgm.  of  nylon 
Chain  1  .pop  (Fold!  Contribution: 
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From  dimensions  for  the  crystal  structure  (58,  59)  of  nylon  6,  the  average  cross-section  of  a  chain  in 


the  crystalline  region  is 
2 

=  19.1  A0 

Long  period  of  nylon  6  specimen  fiber  =  90  A0 

Number  of  crystallite  chains/gm.  of  the  material  =  1/(19.1*90*10'^)  =  5.8*10^/gm. 

It  takes  two  crystallite  ends  to  form  a  tie  molecule  or  chain  loop  (fold),  but  each  chain  has  two  ends. 
Therefore,  one  crystallite  chain  forms  a  tic  molecule  or  chain  loop  (fold). 

Number  of  tie  molecules  and  chain  loops  (foids)/gm.  of  nylon  6 
=  (Number  of  crystallite  chains/gm.  -  (Number  of  chain  ends/2)) 

=  5.8 *1020  -  2.01*1019 
=  5.6*1020/gm.  of  nylon  6 

Estimates  (25,  28)  for  ratio  of  tic  chains  to  crystallite  units  present  have  varied  from  1/10  to  1/3  or 
even  1/2  as  in  the  calculation  in  Appendix  II.  A  value  of  1/10  will  be  used,  which  might  overestimate 
contribution  of  chain  loops  (folds)  to  the  amorphous  region. 

Number  of  chain  loops  (folds)/gm.  of  nylon  6  =  5.6*10^®*9/10  =  S.Od’lO^/gin.  of  nylon  6. 

The  average  length  for  a  chain  loop  (fold)  in  an  amorphous  region  of  thickness  30  A°  may  be  taken 
as,  on  a  higher  side,  as  20  A0  (5  A0). 

Thus,  mass  of  chain  loops  (folds)  per  gm.  of  nylon  6 

=  (S.ONO^/gm.  of  nylon  6)  •  (2.17*10'23  gm7A°)  *  20  A0  (or,  5  A0) 

=  0.22  (0.055)  gm./gm.  of  nylon 

Thus  a  higher  estimate  for  mass  of  chain  loops  (folds)  will  be  0.22  (0.0SS)  gm.  per  gm.  of  nylon  6 
material. 

Cilia  Contribution: 


IIS 


GPC  analysis  of  nylon  6  specimen  did  not  indicate  presence  of  any  low  molecular  weight  additive  or 
any  other  species.  The  lowest  molecular  weight  concentration  seen  in  the  main  molecular  weight 
distribution  was  about  2000.  This  will  be  incorporated  into  the  crystalline  lamella  formed  during 
crystallization.  Therefore,  we  do  not  expect  any  substantial  contribution  from  cilia  to  the  amorphous 
region.  In  light  of  this  observation  and  the  lack  of  any  other  definite  information  in  this  regard,  this 
contribution  will  be  assumed  to  be  zero. 

Tic  Chain  Contribution: 

Since  the  amotphous  region  consists  of  tie  chains,  cilia,  chain  loops  (folds),  and  loose  chain  ends, 
the  contribution  due  to  tic  chains  will  be  the  difference  between  the  amorphous  material  present  and  the 
sum  of  contributions  due  to  cilia,  chain  loops  (folds)  and  chain  ends. 

Tic  chain  contribution/gm.  of  nylon  6 
=  0.500  -  0.22  -  0.0  -  0.026 
=  0.254  gm./gm,  of  nylon  6 

Thus  tic  chains  contribute  substantially  to  Cite  amorphous  region. 

On  this  basis,  one  can  also  estimate  the  average  tic  chain  length,  assuming  a  concentration  for  tic 
molecules  at  1*10^®  per  gm.  of  nylon  6  material. 

Average  tic  chain  length  =  (0.254  gm./gm.  of  nylon  6)*(A°/2.17*10'^  gm.)*(gm.  of  nylon 
6/IM020) 

=  117  A° 


* 


\ 
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Appendix  IV  *  GPC  Calibration 


i 


GPC  is  a  polymer  fractionation  technique  which  depends  upon  molecular  size  in  solution.  Very 
large  molecules  will  have  sizes  in  solution  greater  than  the  size  of  the  gel  pores  and  will  be  confined  to 
solvent  between  the  particles.  The  small  molecules  have  access  to  solvent  both  inside  and  outside  the 
particles  and  will  be  retarded  in  their  progress  through  a  column. 

From  an  analytical  GPC  fractionation  one  seeks  information  on  molecular  weight  distribution 
(cumulative  and  differential)  as  a  function  of  molecular  weight  M.  These  normalized  distributions  arc: 

W(M)  =  dC(M)/dM  =  (dC(V)/dV)*(dV/dlog<JM)*(dlogeM/dM) 
where  dC(V)/dV  =  h(V)  is  the  ordinate  of  chromatogram.  For  the  calculation  of  W(M)  one  needs  to 
know  the  relationship 

logcM  =  f(V)  (41) 

which  is  dependent  on  polymer  type,  its  structure,  and  interaction  with  the  solvent 

The  calibration  procedure  consists  of  obtaining  the  relationship  of  equation  (41)  experimentally  or 
theoretically  for  various  polymer  and  solvent  combinations. 

These  calibration  procedures  can  be  divided  into  two  major  classes: 

(1) .  Direct  calibration:  This  procedure  requires  fractions  of  known  molecular  weight  for  the  polymer 
under  analysis. 

(2) .  Indirect  calibration:  This  docs  not  require  narrow  fractions  of  polymer  under  analysis,  but  needs  a 
relation  between  solute  size  in  solution  and  molecular  weight,  assuming  that  molecular  size  in  solution  is 
the  controlling  separation  parameter. 

Direct  Method:  If  fractions  with  $w/fan  <  l.l  arc  available  for  the  polymer  under  consideration, 
then  gel  permeation  chromatograms  arc  obtained  for  each  of  the  fractions  in  a  solvent  for  the  given 


117 


system.  From  the  chromatograms,  elution  volume  (the  peak  retention  volume)  for  the  different 
molecular  weight  fractions  are  obtained  and  from  a  knowledge  of  the  molecular  weight  of  the 
corresponding  fraction,  a  plot  of  k>geM  against  elution  volume  V  is  made.  Generally,  a  linear  plot  for  a 
largc-molccular-weight  range  described  by  the  following  equation  is  obtained: 

logeM  =  a-bV 

This  calibration  plot  can  be  used  in  conjunction  with  the  gel  permeation  chromatogram  of  the  unknown 
polymer  to  find  W(M). 

Narrow  calibration  standards  for  polystyrene  are  the  only  ones  available  commercially.  For  other 
polymers  well-characterized,  narrow  molecular  weight  distribution  fractions  are  exception  rather  than  the 
rule.  Also,  in  the  few  eases  where  available,  it  does  not  cover  a  wide  elution  volume  range. 

Universal  Calibration:  Calibration  curve  (loggM  versus  V)  obtained  from  direct  methods  for  narrow 
molecular  weight  polystyrene  samples  cannot  be  expected  to  hold  for  other  polymers,  particularly  il  the 
material  under  consideration  is  structurally  different 

It  is  therefore  desirable  to  find  a  way  of  transforming  a  primary  calibration  curve  (as  obtained  for 
PS)  in  such  a  manner  that  it  can  be  used  with  structurally  different  polymers.  One  such  approach  is 
commonly  known  «S  'Universal  Calibration’.  These  methods  arc  based  on  the  assumption  that  GPC 
separation  is  controlled  by  molecular  size  parameters  that  relate  to  the  viscosity  of  dilute  solution  of  these 
polymers.  Ihe  suggested  parameters  arc  hydrodynamic  volume  V,  unperturbed  radius  of  the  molecule, 
and  size  of  the  molecule  in  solution.  The  equations  and  parameters  plotted  arc  as  in  Table  8.  These 
calibration  parameters  differ  only  in  their  response  to  variations  in  solvent  power. 

'Ihc  elution  volume  Ve  in  GPC  is  directly  proportional  to  these  parameters.  Thus,  validity  of  these 

A  1  rt 

different  approaches  can  be  confirmed  by  plotting  (r\|M,  (nJM/fte),  or  <lrQ>‘  against  elution  volume 
for  a  wide  range  of  flexible,  random  coil  polymers  (linear  or  branched)  in  good  solvents. 


At  tow  molecular  weights,  the  gaussian  distribution  of  chain  lengths  as  used  in  the  above-mentioned 
equations  is  not  valid.  Therefore,  wide  variation  from  these  relations  may  be  expected.  One  is  generally 
intersted  in  relative  values  for  two  polymers,  so  the  deviations  may  not  be  as  striking  as  they  sound. 

Using  the  universal  calibration  parameters,  one  obtains  from  different  equations  the  following 
expression  (for  a  given  solution  volume): 


KW  *  '“Mt'VV 
or.  lose  =  lo*e  <WV£>} 

A  molecular  weight  calibration  for  a  polymer  P  can  thus  be  established  by  using  molecular  weight 
calibration  for  polystyrene,  provided  the  dependence  of  [Alps  an(*  t^lp  on  elution  volume  can  be 
established.  If  the  intrinsic  viscosity  of  each  of  the  fractions  separated  by  an  analytical  GPC  from  the 
polymer  being  analyzed  is  determined  with  a  viscometer,  Mp  can  be  obtained  from  the  above  equation. 
Alternatively,  the  equations  in  the  table  above  can  be  combined  with  the  Mark-Houwink  equation: 

[r\]  =  KMa 

to  obtain  the  following  set  of  relationships: 

(1) .  logcMp  =  {(1  +ops)/(l  +ap]  logcMps  +  {(log,  Kps/Kp)/(1  +<y} 

(2) .  logcMp  =  {(1  +aps)/(l  +  ap)  |0gcMps  +  f(logc  Kps/Kp)/(1  -M^)} 

(3) . logcMp  -  IogcMps  +  logc {<I.20>/M}ps(M/<l20>}p 

Hie  relationships  in  Table  8  for  calculating  polymer  molecular  weight  calibration  curves  from  a  basic 
polystyrene  calibration  arc  valid  in  good  solvents.  Relations  (1),  (2)  and  (3)  above  arc  derived  by 
equating  [A]M,  [AjM /♦(£),  or  <l  ^0>  '^  for  two  polymers  at  a  given  retention  volume  and  combining  with 


Mark-Houwink  equation. 
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Mark-Houwink  constants  for  certain  polymer-solvent  combinations  are  listed  in  the  literature  but 
must  be  used  with  caution  since  many  of  the  reported  constants  arc  only  valid  over  a  short  molecular 
weight  range.  Deviations  at  low  and  high  molecular  weight  ends  arc  particularly  striking. 

It  has  been  generally  observed  that  none  of  the  universal  calibration  parameters  give  valid 
calibration  predictions  if  die  appropriate  Mark-Houwink  exponent  is  less  than  about  0.65. 

Empirical  Calibration:  The  calibration  procedure  used  here  is  based  on  a  linear  relationship 
between  log  ^(molecular  weight)  and  the  elution  volume  V  . 

V  =C1-C2log10(M)  (42) 

The  constants  and  C2  in  the  linear  calibration  of  equation  (42)  arc  obtained  using  a  number  and 
weight  average  molecular  weight  of  one  broad  molecular  weight  distribution  of  a  standard  nylon  6 
specimen.  The  constants  and  C2  are  determined  in  a  manner  described  below,  using  an  iteration 
procedure  on  the  computer. 

From  equation  (42), 

M  -  10«C1 '  V)/C2*  =  10^CI/C2^  *  10* '  V/C2* 

Or,  M  =  C*10* *  V/C2^  (43) 

where  C  =  10*C1/C2^ 

Number  average  and  weight  average  molecular  weights  Mn,  Mw  are,  respectively, 

Mn  =?w(i)/{Ew(i)/M(i)}  =  W/(Ew(i)/C*10*  *  V*')/C2)} 

Mn  =  CW/{5w(i)nO*V*i)/C2>}  (44) 

"  l 

and  W  =?w(i) 

i 

Kiw  =  ^w(i)M(i)}/Tw(i)  =  {Jw(i)*C*10*'V(i)/C2Vw 

=  (C/W)*{  £w(i)  *  10*  'v(‘VC2)j  (45) 

w  i 

Dividing  equation  (45)  by  (44) 
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fflw/Mn  =  {?w(i)*10< -V('VC2>}{  rw(i)*10(V(i)/C2Vw2  (46) 

Define 

A  =  Mw/Mn  ■  {?w(i)*10< -v(')/c2)}{£  w(i)nO(V(')/C2Vw2  (47) 

w  11  i  i 

According  to  equation  (46),  the  Cj  value  that  describes  the  calibration  of  equation  (42)  will  make 
’A’  zero.  This  is  achieved  using  an  iterative  procedure  on  the  computer.  The  outline  for  the  procedure  is 
to  choose  a  representative  ’ C ^  value;  ’A’  is  calculated  according  to  equation  (47).  A  new  'Cy  is  chosen 
depending  upon  the  sign  and  the  magnitude  of  ’A’.  ’A’  is  calculated,  compared  and  new  less  than  a 
certain  minimum  specified  value  is  obtained.  This  ’ C is  the  constant  for  the  equation  (42).  Once  ’Cj’  is 
known,  equation  (44)  or  (45)  can  be  used  to  obtain  *C.  Then, 
q  -  C2  log^C  (48) 

For  the  nylon  6  fiber  specimen  the  calibration.equation  obtained  according  to  this  procedure  for  Mw  and 
S4n  of  69,760  and  30,200  is 

Vc  =  52.52  -  4.75  log10(M)  (49) 

Equation  (49)  has  been  used  to  calculate  Hie  MW  19s  of  nylon  6  in  this  study. 
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Appendix  V  ■  Median  Rank  Plotting 


Consider  a  parameter  whose  actual  value  is  ’a’.  Supposing  N  experimental  measurements  have 
been  performed  to  estimate  the  parameter,  'rhese  N  measured  values  of  the  parameter  will  generally  be 
scattered  around  the  actual  value  ’a’  according  to  a  gaussian  disuibution  Hz),  with  a  standard  deviation 
determined  by  the  experimental  error. 


Hz)  =  (l/2ir)0S*exp{-((z-a)/2U)2} 

F(Z„)  =  /  tt/Mz  Normal  Probability  Plot 


Figure  A  Figure  B  Figure  C 

Figures  A  and  B  arc  plots  of  function  Hz)  and  the  cumulative  function  F(z)  on  a  linear  plot.  Figure  C  is  a 
plot  of  the  cumulative  function  F(z)  on  a  normal  probability  function  paper.  Hie  characteristics  of  the 
latter  plot  arc  such  that  if  Hz)  is  gaussian,  F(z)  will  be  a  straight  line  plot  on  the  normal  probability 
function  paper. 

In  an  actual  analysis  a  finite  number  of  data  points  arc  available.  The  data  arc  processed  through 
following  steps  to  obtain  tile  median  rank  plot: 

1.  Rank  the  N  measured  data  points  z(i)  in  order  of  increasing  magnitude,  i.c.,  rank  /(i)  such  that 


z(l)</(2)</(3)< 


<z(N) 


2. F(z)  axis:  Assign  F(z(i))  according  to  die  following  equation 

F(z(i))  =  (100/2N)  +  (100/N)*(i  - 1) 

for  i  =  1, 2, . N. 

For  example,  for  N  =  5 

z  F(z) 

z(l)  10 
z(2)  30 
z(3)  50 
z(4)  70 
z(5)  90 

'Flic  statistical  test  compares  two  similar  experimentally  measured  parameters  and  gives  a  measure  of  the 
probability  that  the  two  observed  parameters  have  the  same  value. 

t-statistics  test  starts  with  a  hypothesis  that  the  difference  between  the  ’actual  mean  value’,  say  Uj 
and  U2  of  two  parameters  under  consideration  is  zero,  i.c., 

Hypothesis:  HQ  =  U|  -  U2  =  0 

sample  used  to  obtain  these  were  to  be  infinitely  large.  Let  x^  and  X2  be  the  observed  means  for  the 
finite  sample.  is  the  standard  deviation  for  the  sampling  distribution  of  the  differences  between 

the  sample  means: 

s2(xj  •  x2)  =  l«Nl  *  »sl2  +  (n2  ■  D^2^!  +  N2  •  2>1  *  «N1  +  N2V(NiN2» 
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where  S^,  and  S2,  N2  arc  the  standard  deviation  and  the  size  of  each  sample  individually. 

Next,  yjivon  by  the  following  equation  is  calculated. 

\ 0L=  ^xrx2)/S(x1-x2)> 

Having  calculated  ta,ct  is  obtained  from  set  of  tables  for  t-statistics.  The  value  so  obtained  gives  a 
probability  of ’2ct’  that  the  hypothesis  IIQ  can  be  rejected,  Lc.,  Uj  =  U2.  For  example,  an  ’a’  value  of 
0.03  implies  that  the  probability  of  making  an  error  in  rejecting  the  hypothesis  Uj  =  U2  is  0.06.  The 
probability  of  that  =  U2  is  0.94. 


Appendix  VI  *  Viscosity  of  Nylon  6  in  Dilute  Solutions 


Polyamides  (PA)  show  polyclcctrolytc  behavior  in  dilute  solutions  with  many  solvents  (57,  72).  A 
possible  mechanism  for  the  formation  of  ions  in  100  %  anhydious  formic  acid  has  been  proposed  (72): 

-CONH-  +  HCOOH  =  =  (-CONH2-)+  +  HCOO* 

Addition  of  water  to  formic  acid  suppresses  such  behavior  and  the  mechanism  proposed  is  that 
water  preferentially  is  able  to  take  II +  ions,  thereby  -CONH-  remains  neutral. 

A  similar  electrolyte  behavior  has  been  observed  for  nylon  6  in  hcxafluoro  iso-propanol  (HFIP). 
GPC  analysis  of  nylon  6  in  IIFIP  resulted  in  some  very  Late  eluting  distribution  of  molecules  (beyond  the 
elution  volume  where  all  molecular  weight  components  arc  expected  to  have  eluted  out).  This  indicates 
another  separation  mechanism  besides  the  size  exclusion  of  polymer  molecules.  A  rather  likely 
mechanism  might  be  an  ionic  interaction  between  column  material  and  the  polymer  molecules.  It  has 
been  suggested  that  addition  of  sodium  trifluoroacctatc  salt  in  HFIP  to  a  concentration  of  0.1  molar 
suppresses  the  polyclcctrol'tc  effect  (73)  and  the  polymer  chain  has  a  random  chain  configuration  in 
solution.  The  GIXT  analysis  of  nylon  6  in  such  a  solution  showed  an  expected  molecular  weight 
distribution.  Therefore,  a  0.1  molar  sodium  trifluoroacctatc  solution  in  HFIP  has  been  used  for  all 
subsequent  G l*C  analysis.  This  mobile  phase  will  be  referred  to  as  S  1 1 FIP  for  future  reference. 

The  hypothesis  of  a  random  coil  configuration  for  nylon  6  in  S-HF1P  has  been  checked  by 
measuring  llte  viscosities  of  nylon  6  polymer  solutions  using  Ubcholdc  capillary  viscometer.  Plots  of 
inherent  viscosity  (Ioge  f\r)/C  and  reduced  viscosity  rySp/C  against  the  concentration  C  of  solution  are 
made  for  three  different  nylon  6  specimens  in  Figures  46  and  47.  From  these  plots  the  intrinsic  viscosity, 
die  constants  'kj’and  ’kj’  for  Huggins  and  Kracmer  equations  arc  obtained  as  shown  in  Table  9. 


.Huggins  Equation 


Vc  =  ln)  +  ki^2c  - 

(log^rir)/C  =  n  '  _ Kraemcr  Equation 

These  detenninations  of  intrinsic  viscosity,  constants  k^  and  k2  arc  also  made  for  other  solvents:  (a) 
0.1  molar  sodium  tritluoroacetate  in  tetra  fluoro-cthanol  2,  2,  2  (S-TFE);  (b)  aqueous  formic  acid 
containing  88  %  formic  acid.  The  results  of  these  analyses  are  shown  in  Figures  48  through  51.  The  kj 
and  k2  values  measured  for  nylon  6  in  S-HF1P  and  S-TFE  arc  not  typical  of  a  polymer  in  good  solution. 
Therefore,  nylon  6  does  not  have  a  random  coil  configuration  in  dilute  solutions  of  S-HFIP  and  S-TFE. 
The  values  of  the  constants  kj  and  k2  in  aqueous  formic  acid  arc  of  the  order  expected  for  a  polymer  in 
good  solvent,  and  k  j  -  k2  =  0.5  implies  a  random  coil  configuration  for  nylon  6  in  this  solvent. 

It  is  possible  that  S-IIFIP  and  S-TFE  will  act  as  good  solvents  for  nylon  6  if  the  concentration  of 
sodium  trifluoroacctatc  were  increased.  This  is  not  feasible  due  to  the  limited  solubility  of  the  salt  in 
HFIP  and  TFE.  The  behavior  of  nylon  6  molecules  in  S-HFIP  and  S-TFE  is  neither  of  a  random  coil  nor 
of  a  polyclcctrolytc  (in  which  ease  the  viscosity  of  polymer  solution  increases  greatly  at  low 
concentrations).  Thus  one  can  state  that  nylon  6  possibly  has  a  rod-like  chain  configuration  in  S-HFIP 
and  S-TFE.  It  is  believed  that  the  observed  molecular  weight  distribution  will  not  be  affected  since  the 
calibration  equation  is  obtained  by  fitting  the  known  number  and  weight  average  molecular  weight  of  a 
nylon  6  specimen  to  its  MWl)  obtained  from  GPC  analysis. 

Another  interesting  aspect  of  viscosity  results  is  the  difference  between  kj  and  k2  for  S-IIFIP  and 
S-TFE  being  consistently  close  to  0.6. 
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